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Abstract 
The objective of this research project was to develop a quantitative approach 
to designing and producing granules with controlled application properties by 
advancing our understanding of granule diagenesis (porous microstructure 
evolution) in binder granulation process. In this work we have demonstrated 
the relation of selected formulation and process parameters (particle size 
distribution, wetting properties, binder content and its droplet/particle size and 
viscosity) with granule structure and the effect of the latter on dissolution 
kinetics. 
The main findings of this thesis are as follows: granule porosity can be 
controlled by adjusting the parameters of a bi-modal primary particle size 
distribution and by the proportion of wetting binder in granule formulation. 
Correlations between granule porosity and dissolution rate have been 
established. The formulation-microstructure and microstructure-dissolution 
relationships established in course of this work confirmed the predictions of 
previously developed computational models. The primary particle poly- 
dispersity may affect the intra-batch granule homogeneity. Wettability of the 
solid-liquid system can influence the achievable granule size, particle coating 
and the fraction of un-granulated fines. 
In the next step of this study a methodology for producing hollow core granules 
using an in situ melt binder was developed. The effect of binder particle size 
vi' 
and binder-to-solid ratio on granule size distribution was also investigated. The 
mean granule size was found not significantly dependent on the binder-to-solid 
ratio but very strongly influenced by the binder particle size. The experimental 
observations were also complemented by theoretical analysis that yielded 
mathematical relationships which allow the estimation of average granule size 
and the fraction of un-granulated fines as a function of the binder particle size 
and the binder-to-solids mass ratio. 
After successfully demonstrating the control of granule porosity and size 
distributions, a novel approach that can be used to manipulate the spatial 
distribution of an active component within the granule structure was developed. 
The release profiles of the active component from these structured granules 
were compared with simulation results which were found in good agreement 
and substantiated the significance of the radial distribution of granule 
components and the primary particle size as key design attributes. Finally, the 
influence of binder droplet size and addition rate on granule properties in 
spray-on granulation mode was investigated, and it was confirmed that droplet 
size in spray granulation play analogous role as binder particle size in melt-in 
granulation. 
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THESIS OUTLINE 
This thesis represents the research conducted under the supervision of Dr 
Frantisek Stepanek. Parts of this study have been presented and published in 
various international conferences and peer reviewed research journals 
respectively. A full list of conference presentations and publications is given in 
Appendix I. 
The dissertation is organised into nine chapters together with References and 
Appendices sections. 
Chapter-1 provides brief background of the problem and motivation, followed by 
research objectives. 
Chapter-2 and Chapter-3 describe fundamental concepts related to the problem 
described in the introduction section and present concise literature review and 
the state of the knowledge. 
Chapter-4 demonstrates the experimental set-up, materials used, 
characterisation techniques and data collection methodology employed in this 
study. 
Chapter-5 and Chapter-6 present and discuss the results of the effect of 
formulation related parameters on granule microstructure and its dissolution. 
The former chapter deals with the effect of primary particle properties and the 
latter with binder characteristics. 
Chapter-7 and Chapter-8 illustrates the effect of selected process related 
parameters on granule microstructure and its end-use behaviour. An innovative 
methodology that was developed during the course of this research is described 
in the latter chapter. 
Chapter-9 compiles the conclusions and the future work recommendations that 
were drawn from the results presented in Chapter-5 through Chapter-8. 
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Chapter 1 
INTRODUCTION 
1.1 Background and Motivation 
According to some estimates, up to 60% of all chemical products are produced 
as particulates and a further 20% of the products utilise powders as raw 
materials (Iveson et al. 2001). Many of these particulate products require 
granulation as a primary processing step for their manufacture. Examples of 
chemical products prepared by granulation include detergents, fertilisers, 
various instant food and beverage formulations and many speciality chemicals 
and pharmaceutical products (Knight, 2001). 
Granulation is particularly a key processing step in the preparation of 
pharmaceutical products as for most drugs the preferred dosage form is solid 
(e. g., granules and tablets) unless dictated otherwise by physico-chemical 
properties of the ingredients and the physiological factors (Zanowiak 2002). 
With global pharmaceutical sales reaching £322 billion in 2006 (Longwell 2007), 
it is not difficult to understand the economic significance and importance 
associated with the granulation technology. However despite the stated 
importance and extensive application in the industry, the present understanding 
of granulation as an engineering process is far from complete (Iveson et al. 
2001; Edwards and Instone 2001; Knight 2004). 
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Granulated product (or granule) is a composite mixture of one or more type of 
primary solid particles held together by a binder. This product may either be 
considered as transitory from one process step to another (e. g., feed for 
pharmaceutical tableting) or as the final product on its own. In both 
considerations, besides physico-chemical properties of the formulation, the 
microstructure (i. e., relative positioning of granule ingredients and voids) of the 
granule is very important in regard to its application performance (Knight 2001; 
Stepanek 2004). The interdependence of the variables affecting the product 
end-use behaviour is illustrated in Figure 1.1, which is adapted from the work by 
Wibowo and Ng (2002). 
Ingredients 
e g., active Ingredients 
supporting Ingredients, 
excipient 
Formulation Variables 
e. g., Particle size, wetability, 
other physicochemical 
properties 
Equipment 
e. g., fluid-bed, high shear, 
drum granulators 
Process Variables 
e. g., temperature, pressure, 
flow rate, humidity 
Product 
Microstructure 
e. g., porosity, spatial distribution of 
granule components 
Product 
Performance 
Figure 1.1: Interdependence of the variables that 
determine product performance. 
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The physico-chemical properties of the ingredients are given by their molecular 
composition. Therefore, once the formulation (the ingredient list) is fixed during 
the initial "chemical" phase of product development, modification of the granule 
microstructure during the "engineering" phase of product development remains 
as the only possibility to control the end-use behaviour of the final product. The 
evolution of microstructure in granular products, as explained in Figure 1.1, is 
dictated by a combination of inherent (e. g., contact angle) and tailored (e. g., 
particle size) properties of the feed materials and processing conditions applied 
in a given type of granulator. Microstructure is, therefore, an important attribute 
that, on the one hand, carries information about the processing history, and on 
the other hand, co-determines the end-use application performance of a 
formulated product. 
Despite the stated importance of microstructure, very few studies linking granule 
microstructure quantitatively to processing conditions and end-use behaviour 
(dissolution) can be found in the literature (Edwards and Instone 2001). Perhaps 
as a consequence, granule microstructure per se is not normally specified as a 
target attribute during product development, that is, it is not the focus of 
systematic and rational design activity in the same sense as the product 
composition (formulation) normally is (Fung and Ng 2003; Hill 2004). Instead, 
the common practice during the engineering phase of product development is to 
engage in a more-or-less empirical search for a combination of granulation 
process parameters that result into granules with satisfactory end-use profiles 
(Lukas 1996) without necessarily knowing which features of the granule 
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microstructure are being modified and to what extent. This leads to inefficiency 
in the product development process and, ultimately, longer time-to-market. 
1.2. Thesis Objective 
In view of the above, the objective of this thesis is to establish quantitative 
relationships between granule end-use behaviour (dissolution) and 
microstructure and the dependence of the latter on formulation and processing 
conditions by performing a systematic series of physical experiments and 
complementing with computer simulations, which are based on the models 
originally developed by Stepanek (2004). The underlying goal of this research 
is to help establish guidelines for rational granule microstructure design. 
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THEORY OF GRANULATION 
2.1. Introduction 
Perry's Chemical Engineer's Handbook (Ennis and Litster 1997) defines 
agglomeration as a size enlargement process during which small particles are 
gathered into larger, relatively permanent masses, in which the original particles 
can still be distinguished. This definition is fundamental and covers a wide 
variety of unit operations or processing techniques which can essentially be 
divided into agitation and compaction methods. The particle build up by 
agitation is generally referred to as granulation. 
The term "granulation" is derived from the Latin word "granulatum" meaning 
grained and this process has its roots in ancient times. The preparation of bread 
by mixing flour and water and the practice of delivering medicinal powder by 
hand rolling into a pill by using honey or sugar solution has been used for 
centuries (Pietsch 2002). In modern times, granulation technology has been 
used by a wide range of industries ranging from pharmaceuticals, foods, 
beverages, detergents, agrochemicals, speciality chemicals to coal and mining. 
These industries employ granulation process to meet a number of requirements 
for example to: reduce dustiness, improve product safety in handling, make a 
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product more attractive, manipulate appearance and sensory properties, 
improve the dispersion and dissolution characteristics, reduce or increase the 
bulk density, reduce the tendency to cake formation on storage, create a form 
required for further processing and many more (Knight 2001). 
Granulation can be divided into wet and dry processes. Wet granulation 
involves the use of liquid binder to bind fine powdery material (Turton et al. 
1999) while dry granulation utilises cohesive characteristics of primary particles 
to form larger granules without the use of any binder but with pressure by 
extruding, tumbling or fluidising (Nishii and Horio 2007). 
The topic of granulation has been subject to a recent comprehensive review 
(Salman et al. 2007). Therefore, the following literature review is confined to wet 
granulation with a focus on the interests of the pharmaceutical industry. 
2.2. Wet Granulation 
Wet granulation is a process in which granules result form the collisions 
between binder-wet particles that lead to the formation of binding bridges at the 
particle interstices. The granule growth rate depends on the relative magnitude 
of the binding forces and the several phenomena take place at the solid-liquid 
interface. Iveson et al. (2001) divided these phenomena into three groups of 
rate processes (Figure 2.1): 
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1. wetting and nucleation, this is the first stage in any wet granulation 
process where the liquid binder is delivered on the dry powder bed and 
distributed to produce wetted particles or nuclei granules. 
2. consolidation and coalescence, this involves collision between granules, 
granules and feed powder, or a granule and the equipment which lead to 
an increase in the particle packing density and granule growth. This 
stage controls the granule porosity which influences many other 
properties in the final product. 
3. attrition and breakage, this involves wear and breakage of wet or dry 
granules due to impact with other granules and the equipment or during 
handling. This stage controls the final granule size distribution. 
(i) \ tinfW & NuLlealton 
0 
('c nýnloaau , "t ti C'n tr. rrnri 
tl \I1nU t1 1{rýaka i 
;. y* 
Figure 2.1: Schematic of rate processes in wet 
granulation (Iveson et al. 2001) 
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These rate processes can occur simultaneously, may compete against each 
other, and the extent to which they contribute to the overall granule growth 
depends on the physicochemical properties of the formulation and the 
processing conditions of the granulator (Hemati et at. 2007). The net effect of 
these processes determines the final granule size distribution, strength, 
microstructure and subsequently the end-use attributes of the granulated 
products (Ennis 2005). In order to explain and eventually predict how these 
effects control the process and shape of the final product it is necessary to 
understand the way surface and viscous forces act at the liquid-solid interface 
and the influence of processing conditions that aid or impede these forces. 
2.2.1. Key Physicochemical Parameters in Wet Granulation 
Wetting thermodynamics has a profound role in the first stage when liquid 
binder comes into contact with the solid particles, as well during subsequent 
granule growth. Thermodynamics of the chosen system decides whether or not 
the wetting is energetically favourable (Iveson et al. 2001). Studies on wetting 
thermodynamics and its characterisation have been mainly focused on the 
surface energies of the liquid and solid system, the contact angle between the 
liquid and the solid, the spreading coefficients of the liquid phase over the solid 
phase and vice versa (Rowe 1989; Iveson et al. 2001; Grimsey et al. 2002). 
Surface energy, y, may be defined as the energy required to produce a unit 
area of surface. The total surface energy of a system can be divided into polar, 
yp, and dispersive, yo, components (Grimsey et al. 2002). 
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Y=YP +YD (Eq. 2.1) 
The interaction of primary solid and liquid binder creates an interface with an 
interfacial free energy, which is dependent on the surface energies of the two 
components. The magnitude of the interfacial free energy can be used to 
assess the thermodynamic compatibility of the two phases. Practically the 
extent of interactions between the formulation components is estimated by 
measuring the individual surface energies of the ingredients and relating them 
using adhesion models (Thielmann et al. 2005). 
Contact angle, 0, is the angle formed between the solid surface and the tangent 
to the liquid-gas interface intersecting the three-phase contact point as 
illustrated in Figure 2.2. 
0<90* 0>90* /\. 
..... ...................................................... 
Figure 2.2: Illustration of contact angle between liquid and solid. 
Continuous straight line and curves represent solid and liquid 
phases respectively. 
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The contact angle is specific for any given system and is determined by the 
interactions between the phases. The wetting of the liquid-solid system with 
contact angles less than 90° is thermodynamically favourable. The wetting is 
considered spontaneous for the angle of 0° (Shaw 1992). Contact angle is, 
therefore, a measure of the affinity of the liquid to spread over the solid and is 
given by Young-Dupre equation. 
Ysv -YSL = YLVCOSO (Eq. 2.2) 
where ysv , Ysc and YLV are solid-vapour, solid-liquid and liquid-vapour 
interfacial energies respectively. The term yL,, CosO is often referred to as the 
adhesion tension of the system. 
Spreading coefficient, A, is another measure of the tendency of one phase to 
spread on another and is defined as the difference between the works of 
adhesion and cohesion. Spreading coefficients for liquid on solid, 2., S , and for 
solid on liquid, 25L, can therefore be calculated from the following expressions 
(Rowe 1989; Iveson et al. 2001): 
ALS =WA-WCL (Eq. 2.3) 
2SL =WA-WCS (Eq. 2.4) 
where WA is the work of adhesion for the liquid-solid interface and WcL and 
Wcs are the works of cohesion for liquid and solid respectively. The relationship 
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between works of adhesion and cohesion, and the interfacial energies is given 
by the following equations: 
WA 
-YSV +YLV -YSL -YLV(COS 0+1) (Eq. 2.5) 
WcL = 2YLV (Eq. 2.6) 
Wcs = 2Ysv (Eq. 2.7) 
Like contact angles, the value of spreading coefficients can be used to assess 
the thermodynamic feasibility of spreading. A positive value for a given liquid- 
solid system suggests thermodynamically favourable conditions for spreading, 
opposite is true for negative values. 
Viscosity, p, is the fluid resistance to shear or flow and is a measure of the 
dissipation of kinetic energy within the fluid during flow (Guyon et al. 2001). Like 
surface forces, the viscous behaviour of binder is linked with granule growth 
rates, strength and end-use behaviour as described in the following sections. 
2.2.2. Binder Bridge Forces 
The liquid binder bridges between particles, as shown in Figure 2.3, generate 
static and dynamic forces due to liquid surface tension and viscosity 
respectively (Iveson et al., 2001). The bonding strength caused by static forces 
comprised two components: capillary suction pressure due to the liquid interface 
curvature and interfacial surface tension around the perimeter of the bridge 
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cross-section. The capillary suction pressure, OPcaP, is given by the Laplace- 
Young equation: 
cap -1+1 _ YLV 
(r, 
r2) 
(Eq. 2.8) 
As illustrated in Figure 2.3, r is the curvature of the bridge surface which can 
be calculated from the two principal radii of curvature of the surface r, and r2 . 
The solution of Eq. 2.8 can be obtained by expressing local radii of curvature in 
analytical terms using a cylindrical coordinate system through derivatives of 
function Y(x). The derivation that led to the analytical solution can be found in 
an article by Bisschop and Rigole (1982). 
Figure 2.3: Illustration of capillary pressure between two 
particles linked by a liquid bridge (Iveson et al. 2001). 
The full Laplace-Young equation can be solved numerically with some 
empirically fitted parameters (Willet et al. 2000). For V/a3 < 0.001(where V is 
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the bridge volume and a is the particle radius) and at maximum contact 
between the two spherical particles, i. e., h=0, the static force, FF.,., can be 
expressed by the following simplified equation: 
Fs.,. = 22raYLVCOSO (Eq. 2.9) 
which shows that the bridge force is directly proportional to the adhesion 
tension, VLVCosO I of the system. 
The liquid bridge strength due to viscous or dynamic forces, FF , may be 
estimated using lubrication theory (Adams and Edmondson 1987): 
FV _ 
3, r; a2 dh 
2h dt 
(Eq. 2.10) 
where p is the liquid viscosity and t is the time. It was demonstrated by Ennis 
et al. (1990) that cohesive strength of the dynamic liquid bridge may exceed the 
static strength by several orders of magnitude due to additional energy 
dissipation resulting from the binder viscosity. 
2.2.3. Viscous Stokes Number 
Ennis et al. (1991) derived an expression that can be used to estimate the 
criterion for particle coalescence after the collision of non-deformable granules 
covered by a thin binder layer. They have introduced the viscous Stokes 
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number, Sty, , as a measure of the balance between the particle inertia and the 
ability of the binder layer to dissipate kinetic energy. 
8prgu 
Sty = 9fß 
(Eq. 2.11) 
where p is the granule density, rg is the harmonic mean granule radius and u is 
half the relative velocity of impact. According to this model the collision will be 
successful (i. e., results in coalescence) when Sty, is less than the critical viscous 
Stokes number, Stv* , where: 
Stv =I1+1I In 
ej Q 
(Eq. 2.12) 
e is the coefficient of restitution, h is the thickness of the binder layer on the 
particle surface and ho is the characteristic height of surface asperities. Based 
on this model they defined three granulation regimes in comparison of 
Str, to St. : 
Sty «Stv* non-inertial regime (all collisions successful) 
St,, -- St0 inertial regime (some collisions successful) 
Str, » Stv* coating regime (no collisions successful) 
Although this model comprised various simplifying assumptions such as non- 
deformable, elastic granules completely covered with liquid binder, it 
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nevertheless provides useful insight into the physical phenomena that affect 
granulation processes. Liu et al. (2000) extended the Ennis et al. model by 
including granule deformation behaviour during collisions. They considered two 
cases: surface wet granules and surface dry granules where liquid is squeezed 
to the granule surfaces by impact. Their model gives the conditions for two 
types of coalescence, termed type I and type II. Type I suggests granule 
coalescence by viscous dissipation in the surface liquid layer and before their 
surfaces touch: 
stv <I ha 
(Eq. 2.13) 
Type II refers a coalescence that occurs when two colliding granules are slowed 
to a halt during rebound, after their surfaces have made contact. More details 
and a correlation representing Type II coalescence can be found in the work by 
Liu et al. (2000). 
The model of Liu et al. is an improvement on Ennis et al. model as it includes 
granule deformation. However both models are bearing many limitations. For 
example these models do not provide any information about additional particle 
bonding and deformation because of their solubility in liquid binder system. 
Capillary forces and the bonding strength due to particle interlocking are not 
considered. More details on these coalescence models, their applicability and 
limitations can be found in a rigorous discussion by Hapgood et al., (2007) and 
references therein. 
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The summary and application of the above mentioned fundamental 
relationships besides other theoretical and empirical models such as 
dimensionless binder penetration time into porous structure (Hapgood et al., 
2002), expressions correlating liquid layer thickness on particles surfaces with 
granule porosity (Ouchiyama and Tanaka 1980) and the latter property with 
granule strength (Rumpf 1962) can be seen in a recent work by Fung et al. 
(2006). They developed an iterative procedure using the models available in the 
literature to determine the operating conditions of a granulator that would 
produce granules with the desired quality attributes. Although their work was a 
good attempt at utilising current state of knowledge for product and process 
improvement, the application of this approach is limited by present 
understanding of granulation process which, in the opinion of many authors, is 
far from complete (e. g., Edwards and Instone 2001; Knight 2004 ). 
2.3. Granulation Techniques 
Wet granulation is achieved by agitating primary solid particles with a liquid 
binder. The patterns by which raw materials are agitated can be used to classify 
granulator types such as drum, pan, fluid bed and mixer granulators (Reynolds 
et al. 2007). Granules prepared by these granulator types mainly differ in their 
appearance and the microstructure - i. e., spatial distribution of primary solids, 
binder and voids. In general the granules formed in fluid beds have void 
fractions ranging from 30 to 50%, in drums and pans from 30 to 40% and in 
mixer type granulators from about 20 to 30% (Hapgood et al. 2007). 
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In low shear apparatus (such as drum and pan) and especially in fluid-bed, the 
granular structure is achieved predominantly by gradual particle build-up and 
consolidation under the influence of surface and viscous forces only. Here the 
breakage phenomenon during growth is relatively less significant. Granules 
from high shear equipment are generally the result of breaking down the binder- 
wet particulate mass and are consolidated by high shear forces induced by the 
chopper; here the growing structure breaks several times before reaching its 
final equilibrium size. 
In view of these process differences it appears that the sensitivity of 
microstructure evolution during the fluid-bed granulation process is relatively 
more dependent on surface and viscous forces. A wide range of porosity values 
that can be achieved with fluid-bed technique (as mentioned above) means 
greater flexibility to produce granules with a range of microstructure 
configurations. Also, the fluid-bed process offers the possibility to create 
granules with a non-uniform radial distribution of composition. Perhaps due to 
these reasons fluid-bed granulation is one of the most common unit operations 
in pharmaceutical, food, agrochemical and other speciality chemical industries. 
For these reasons, the fluidised bed granulation technique was chosen for the 
present PhD work. The following review is therefore focused on fluid-bed 
granulation. 
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2.3.1. Fluid Bed Granulation 
Fluid-bed granulation is a particle forming process in which fine solid particles 
are converted into granules by spraying a binder as solution, suspension or melt 
on to a fluidised powder bed (Hemati et al., 2003). The powder bed in fluidised 
state is achieved by pumping a gas (usually air) upwards through the bed at a 
rate sufficient to counteract their weight; in this way the bed acquires fluid-like 
properties with the particles able to move relatively freely with respect to one 
another (Gibilaro, 2001). The fluidising gas also provides a means of controlling 
the evaporation (for solution binders) and heating or cooling (for melt binders) 
rates (Turton et al., 1999). This process is often classified as one pot system as 
several unit operations namely coating, granulation, drying and cooling can be 
performed within the same piece of equipment (Parikh and Mogavero, 2005). In 
conventional fluid-bed operations, the liquid binder is added by means of an 
atomising nozzle. Numerous types of nozzles including two-fluid, pressure, 
ultrasonic, etc. are currently being used in the industry; a comprehensive review 
on the nozzle types and their performances is given by Lefebvre, (1989). In 
fluid-bed operations the most commonly used nozzle is the two-fluid nozzle 
which uses the kinetic energy of a high pressure gas (usually air) to break up 
the liquid into a fine spray (Turton et al., 1999). 
The mechanism of granule formation in fluid-bed processes is reported by 
several authors e. g., Nalimov (1977); Maroglou and Neinow (1985) and Saleh et 
al. (1999). A review-article by Iveson et al. (2001) that comprehensively 
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described equipment independent granulation rate processes and underlying 
formation mechanisms has been already discussed in Section 2.2. 
A unique feature of fluid-bed granulation is the simultaneous occurrence of 
liquid addition and drying steps. The wetted particles form loose and relatively 
porous structure and the densification of the growing particle is mainly due to 
capillary forces present in the liquid bridges rather than external mechanical 
stresses (Hemati et al. 2003). The variables that affect the outcome of fluid-bed 
granulation can be broadly divided into three categories (Parikh and Mogavero, 
2005): 
1. formulation related variables 
2. equipment related variables 
3. process related variables 
Table 2.1: Important formulation, process and equipment related variables that 
affect the granule properties (Link and Schlunder 1997; Parikh and Mogavero 
2005). 
Primary solids Liquid binder Process Equipment 
Spray 
Size distribution Surface tension characteristics Position of nozzle 
Fluidising Air 
Wettability Viscosity temperature Bed volume 
Air and liquid flow Fluidisation 
Porosity Density rates characteristics 
Solubility in liquid Boiling point of the 
binder binder solvent 
Heat of vapourisation 
Cohesivity of the binder solvent 
Melting point of the 
Static charge melt binder 
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Table 2.1 summarises important variables that have an effect on final granule 
properties. Experimental and modelling works investigating the effect of these 
variables on the fluid-bed granulation process are now briefly reviewed. 
2.3.1a. Experimental Studies: Aulton and Bank, (1981), studied the dependence 
of resulting granule size on the wettability of the primary particles. They reported 
a decrease in granule final size with increasing contact angle (or 
hydrophobicity). In a later work (Aulton, 1982), it was demonstrated that the 
introduction of surface active agent in the system improved both granule 
strength and size. 
A similar but relatively recent study was conducted by Pont et al. (2001), 
investigating the effects of physicochemical properties such as the viscosity and 
the wettability of sodium carboxymethylcellulose solutions on the granulation of 
sand particles. The use of solutions of sodium carboxymethylcellulose with 
different concentrations led to the study of the viscosity of the solution between 
0.016 and 0.185 N-s/m2. The effect of the surface tension between 0.072 and 
0.033 N/m was investigated by adding different concentrations of a nonionic 
surfactant to a CMC 1% w/w solution. In their study the growth of agglomerates 
was favoured when the interfacial tension increases and the contact angle 
decreases. The viscosity of the solution had less of an effect than the interfacial 
parameters. Their results suggested that the dominant forces in the granulation 
process were the capillary forces. 
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In process variables, the effect of binder addition rate on granulation was one of 
the most widely studied (Tan et al., 2006). Earlier studies (Rankell et al., 1964; 
Davies and Gloor, 1971; Crooks and Schade, 1978) have suggested that the 
increase in binder addition rate results in the increase of mean granule size. 
However in their studies it was unclear whether this was the net effect of binder 
addition rate as the droplet size also usually increased with the spray flow rate. 
Later works of Hemati et al. (2003) with solution binder and more recently by 
Tan et al. (2006) with melt binder clarified this point by revealing no significant 
effect on growth rate at various binder addition rates with fixed droplet size. 
According to their results the attainable granule size is directly proportional to 
the quantity of binder introduced into the system and therefore binder addition 
rate could be considered as the rate-determining step of the granulation 
process. Litster et al. (2001), examined binder distribution in wet agglomeration 
and developed a relation between process variables such as solution flow rate 
(P'), powder flux (A), binder drop size (d), in the form of dimension less spray 
flux: 
3V 
°-2Ad 
(Eq. 2.14) 
The dimensionless spray flux is a measure of the density of drops falling on the 
powder surface. They showed that at low spray flux (yro «1), drop footprints 
did not overlap and the system operated in the drop-controlled regime, where 
one drop formed one nucleus and the nuclei size distribution was narrow. On 
the other hand, at high spray flux (V. sze 1) the droplets' overlap was significant 
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and the nuclei formed was much larger in size with little relationship to original 
drop size. 
Hemati et al. (2003), investigated the effect of other process and equipment 
related variables such as the atomizer location and atomising air flow rate, 
physicochemical-related variables such as the viscosity of solutions, wettability 
of the granulating liquid on solid particle surfaces, initial particle mean size, and 
particle porosity on agglomeration kinetics. Their important observations were: 
the increase of air relative humidity favoured agglomeration, especially for 
values greater than 0.4. Increase in the height of atomiser nozzle position 
resulted in the reduction of growth rate and product yield due to increased 
phenomena of spray drying and vessel wall-wetting. A decrease in droplet size 
resulting from increasing the atomising air flow-rate, permitted homogeneous 
coating of the solid surface rather than granulation. An increase in the particle 
initial size led to an enhancement of the layering mechanism. In their study, 
dominant forces in the granulation process were the capillary forces as the 
viscosity of the solution had lower effects than the interfacial parameters. The 
spraying of a binder solution on the porous particles was characterized by a 
non-growth period during which the solute was deposited inside the pore 
volume. After this period the particle growth occurred in the same manner as for 
non-porous particles. 
Van der Scheur et al. (1998) and later Tan et al. (2006) studied the effect of bed 
temperature on fluid bed melt granulation and they found that higher 
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temperatures generally promote larger and comparatively denser granules. 
Their observation was explained by slower binder solidification rates that 
permitted the binder to remain in molten state for longer periods, which as a 
result allowed particle consolidation and closer packing. For the same variable, 
an opposing trend was suggested for granulation with solution binders (Parikh 
and Mogavero, 2005): higher temperatures produced smaller, and lower 
temperatures larger granules. As far as the binder state is concerned the 
underlying reasons behind these observations are quite similar to the melt 
binder explanation. The solution binder on wetted particles tends to stay in liquid 
state at lower temperatures due to slower solvent evaporation rates; this could 
result in increased probability of successful collisions and consolidation and 
therefore larger and stronger product compared to its counterpart produced at 
higher temperatures. 
2.3.1b. Mathematical Modelling: This section, a brief review on mathematical 
modelling works, is focused on the hydrodynamics of fluid-bed granulation 
process and the micro-scale particle packing simulations. 
Heinrich and Mörl (1999) presented a mathematical model for the description of 
particle wetting and temperature and concentration distribution in fluidised bed 
spray granulation. The parameters which were taken into account, included air 
humidity, air temperature, degree of wetness of the particle, liquid film 
temperature, particle temperature, the influence of apparatus wall, and heating 
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surfaces while considering discontinuous as well as steady-state continuous 
granulations. The main assumptions in their model were as follows: 
The air possessed the character of a plug flow, the intermixing of the solids was 
bounded and specifiable through an axial and radial solid dispersion coefficient. 
The fluidized bed was in a homogeneous fluidizing state; i. e. the relative void 
volume (porosity) was not locus-dependent. The entire liquid flow brought in by 
the jet into the fluidized bed was absorbed by the material and evaporated in the 
bed through the air. Furthermore, only the first period of drying was observed, 
i. e. the solid particles were non-hygroscopic and absorb no moisture. Only liquid 
reaches the fluidized bed through the jet employed. The quantities of liquid 
which strike the material form a coherent film. They validated this model using a 
semi-industrial fluidised bed and found the comparison in a good agreement. 
Talu et al. (2000) presented a computer simulation model of semi-wet 
granulation i. e., they introduced a liquid surface layer to a prescribed number of 
particles within a sheared particle bed. The additional force experienced by two 
moving particles via their binder-covered layers was modelled by using results 
from lubrication theory and Stokesian dynamics. This simulation outputs include 
the granule size, shape and size distribution. 
Goldschmidt et al. (2003) developed a discrete element model of fluidised bed 
spray granulation. The key features in their model were the coupling of fluidised 
bed hydrodynamics, liquid solid contact and agglomeration. The influence of 
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process conditions such as fluidisation velocity, spray rate and spray pattern 
were also taken into account. Their model, limited to 2D Cartesian geometry, 
was based on the hard-sphere discrete particle model for gas-fluidised bed 
originally developed by Hoomans (2000), which computed the motion of every 
individual particle and droplet from the Newton's equations of motion, whereby 
the gas phase was considered as a continuum. The results were generated by 
simulating 50,000 particles and the parameters studied were binder spray rate, 
spray pattern and fluidising gas velocity. Their simulation suggested an increase 
in granule size at high spray rates and low fluidizing velocity. The change in 
spray pattern by widening the spray zone within a specific limit resulted in 
relatively narrow size granules 
Gyenis et al. (1982) derived a mathematical model for the calculation of internal 
granule porosity by assuming tetrahedron shaped granules of spherical particles 
with varying shape factors. Their model is expressed by an equation: 
s=cli. 1- 
3 d, 
S, dg 
(Eq. 2.15) 
where c is the granule porosity, s,;, is considered as the limiting porosity value 
for very large granule (for dg -4 oo, s,;, = (p/(1 + (p), where cp is the ratio of the 
granule pore volume to the total particle volume), S, is the relative ratio of 
granule to primary particle shape factors and, dp and dg are equivalent particle 
and granule diameters respectively. 
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They conducted experiments on lactose, sodium nitrate, sodium chloride, sand, 
polyethylene, two pharmaceutical products Halidor® and Chloricide® powders 
and glass beads in a fluidised bed granulator. They compared the experimental 
results available in the literature as well their own with calculated porosity data 
which was found in agreement within ± 20%. 
Liu and Ha (2002) developed two computational models, which used Furnas 
(1931) and Westman (1936) models as basis, to predict the random dense 
packing limit of binary, ternary and quaternary mixtures of either spherical or 
non-spherical particles. They found their calculated results were in good 
agreement with the published experimental data and the prediction of the 
modified Furnas model was slightly better than Westman approach. 
Anishchik and Medvedev (1995) proposed a three-dimensional Apollonian 
packing model for granular systems, which is a geometrical method for 
constructing packings of any density by fitting spheres into a structure. The 
model was constructed in a cube with periodical boundary conditions and used 
as much as 40,000 particles in a packing and reached porosity value around 
10%. These models may be useful to predict particle size distribution for a given 
packing structure. 
In a related work, Coelho et al. (1997) devised a numerical model to simulate 
the random sequential deposition of non-overlapping grains (or particles) with 
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arbitrary shapes. Their model was three-dimensional and the rotation of the 
particles during their settling was also taken into the account. They also 
evaluated the main geometrical and transport features of the resulted packed 
bed and compared with prior numerical and experimental data. In their study 
they found that geometric properties of packing not only depend on the 
geometry of constituting particles but also on the mode of construction as their 
findings in terms of porosity were not comparable with some earlier numerical 
evaluations. However transport properties, such as permeability and dispersion, 
of constructed packed beds were quite inline with past numerical and 
experimental observations that led them to a conclusion that irrespective of 
particle shape and construction mode, transport coefficients depend only on 
porosity and equivalent particle size. 
Stepanek (2004) developed a methodology of computer-aided design of granule 
microstructure in order to calculate effective dissolution rates. The dissolution 
rate (or the rate of material removal from the granule) was determined by 
solving a convection-diffusion equation for each component of the granule in the 
surrounding fluid phase (cf. Bekri et al., 1995). In that work, three-dimensional 
virtual granules with varying porosity and binder/solids ratio were constructed. A 
range of porosities between 0.03 - 0.22 and binder/solids ratios between 0.18 - 
0.63 were obtained by manipulating primary particle size and shape, and the 
binder spreading and solidification rates. Simulation of dissolution experiments 
were carried out under two different regimes i. e., diffusion-only and diffusion- 
convection transport. In addition, four different combinations of binder and solids 
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solubility and diffusivity were incorporated in the simulation. The results, over 
the range of granule microstructures and ingredient properties, revealed that by 
controlling the granule porosity and binder/solids ratio, the dissolution rate can 
be adjusted and provide the possibility to prevail over the influence of ingredient 
characteristics, for example, poor solubility or low diffusivity. 
These findings provide a strong rationale and encouraged further investigation 
to understand the phenomenon of granule diagenesis (porous microstructure 
evolution). Therefore, Stepanek and Ansari (2005) carried out a further work 
which was solely focused on modelling of granule microstructure formation by 
the layering growth mechanism in low-shear wet granulation processes. 
Important features of this model are as follows: granule formation from its 
constituent elements (primary solid particles and binder droplets) proceeds by 
random sequential deposition of the primary objects into a simulation unit cell 
where they are attracted to an imaginary centre of gravity, positioned in the 
middle of the unit cell. This simulation unit cell can be thought of as a moving 
coordinate frame that would follow the trajectory of a randomly chosen primary 
particle through the granulator, and all collisions that this particle experiences 
correspond to the random sequential deposition of other primary particles and 
droplets into the simulation cell. The asymptotic position of each incoming 
particle is found by the ballistic deposition algorithm (Coelho et al. 1997). In the 
absence of binder, a close random packing of primary solid particles is formed. 
The shape, size distribution, and order of addition of the primary particles 
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determine the structure of the virtual granule-its void fraction and the radial 
distribution of components. 
The effect of binder droplet spreading and solidification on granule 
microstructure can also be incorporated in this model using VoF (Volume-of- 
Fluid) method (e. g., Bussmann et al. 1999). The outline of spreading and 
solidification algorithm is as follows. At every time step t, all three-phase contact 
lines are propagated by a local distance S=u, G& , where 
& the simulation time 
step is and uLG is the local contact line velocity calculated from: 
ULG _" (COS 0,9 - cos 9) (Eq. 2.16) 
where yLV is the binder surface tension, s is a friction parameter specific for 
each binder-substrate combination (cf. Clarke et al. 2002), pis the binder 
viscosity, 9e9 is the equilibrium (advancing) contact angle for the local binder- 
substrate combination and 0 is the instantaneous value of the local contact 
angle, evaluated from: 
cos9=ns-nL (Eq. 2.17) 
where ns and nL are the solid-fluid and liquid-gas interface normal vectors on 
the contact line, respectively. The normal vectors are evaluated at every 
interface point from the phase function according to: 
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of ný IIý1' II (Eq. 2.18) 
where is the modified phase function obtained by applying a smoothing 
kernel on the original phase function f, (Rider and Kothe, 1998). After 
displacement of the three-phase contact line position in every time step, the 
shape of the two-phase liquid-gas interfaces is iteratively updated until it relaxes 
to a shape of constant mean curvature while conserving its volume. The local 
interface curvature xat each liquid-gas interface point is calculated from: 
K= -VJ2L (Eq. 2.19) 
Binder solidification in this model was simulated as the propagation of solid- 
liquid interfaces in the direction of the local solid-liquid interface normal vector 
ns (applicable to first-order phase transition binders and liquid-solid reactive 
binders), or as a gradual increase of binder viscosity resulting from melt binder 
cooling or solvent binder evaporation. In the latter case the binder can be 
treated as a viscous liquid until a certain threshold viscosity is reached, above 
which the binder is considered to be effectively solid. Further details on this 
model can be found in a recent publication (Stepanek 2007 and references 
therein). 
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In Stepanek and Ansari (2005), the change in the porosity of computer- 
generated granules was studied as function of binder droplet spreading and 
solidification rate, the mean time between particle collisions, the droplet / 
particle ratio and the particle size. From the generated results, granule porosity 
was found to be a non-linear increasing function of the ratio of binder's 
characteristic time of spreading to characteristic time of solidification (z, V,, 
/r, 
o, 
). 
The characteristic time of spreading was defined as the time required for the 
three-phase contact line moving at a constant velocity given by Eq. 2.16 above 
to cover a distance equal to the droplet diameter. Similarly, the characteristic 
time of solidification was defined as the time required for the solidification front 
moving at a constant velocity to cover a distance equal to the droplet diameter. 
The ratio of the characteristic time, therefore, is a measure of the relative rates 
of wetting and solidification of the binder once it contacts a primary particle or a 
growing granule structure. Porosity was also found to increase with decreasing 
binder to solid ratio and with introducing variation in bi-modal particle size 
distribution within the parameter boundary limits chosen. 
As every mathematical model is a certain abstraction and simplification of 
reality, the model presented in Stepanek and Ansari (2005) also has certain 
limitations. The most significant of them are the following: (i) granule-granule 
coalescence has not been simulated, i. e. pure layering growth was assumed; (ii) 
granule consolidation or deformation by impacts of primary particles was not 
simulated; (iii) the particles were allowed to reach the close random packing 
limit within the granule, i. e. a newly arriving primary particle could penetrate the 
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binder fully until it contacted a primary particle or a solidified binder layer; (iv) 
binder solidification was assumed to begin from the solid-liquid interface, i. e. 
skin-forming binders were not modelled; (v) granule attrition or breakage was 
not simulated. 
Nevertheless, the model allows the virtual testing of various formulation and 
processing scenarios such as sequential addition of different active ingredients 
and the effect of granule structuring on release rate. It should be stressed that 
the model is intended to complement, not to replace, experiments. The 
application and findings of these simulations are important in relation to the 
research objectives defined for this thesis - namely the investigation of the 
effect of formulation and processing variables on granule microstructure. 
Therefore in the present research these models, where possible, have been 
used to guide experimental work and the physical realisation of the granules 
with controlled microstructure as demonstrated in various sections of Chapters 
5,6and8. 
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GRANULE FORMULATION, MICROSTRUCTURE & 
CHARACTERISATION 
3.1. Granule Formulation 
In wet granulation processes a typical feed consists of a mixture of primary 
solids, binders, diluents, flow aids, surfactants, lubricants, fillers and end-use 
aids such as colour or dyes and taste modifiers (Mollet and Grubenmann 2001; 
Ennis 2005). Of these ingredients primary powder and binder are the most 
important components of the granule formulation as they provide the bulk shape 
and the desired structure of the granule. 
3.1.1. Primary Powder 
British Standard 2955 defines a dry material as a powder if it consists of 
particles of a maximum dimension of less than 1000 pm. Powder can be 
classified into two groups according to their flow characteristics (Mollet and 
Grubenmann 2001): non-cohesive (free flowing) and cohesive particles. Non- 
cohesive particles are usually preferred in fluid-bed granulation as they are 
easier to fluidise. Inter-particle cohesion forces in dry systems are largely due to 
van der Waals and electro-static forces. The significance of van der waals 
forces in particulate systems is size dependent; generally these forces are 
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appreciable for the particle size less than 100 pm and are negligible for larger 
particles. Electrostatic charging of particles can occur as a result of friction 
caused by collisions between particles and between particles and equipment 
surface. The presence of moisture in the system (e. g., wet granulation) can 
reduce inter-particle friction and therefore the extent of electrostatic forces 
(Rhodes 1998). 
In the context of pharmaceutical granule formulation the primary particles may 
be divided into two categories as functional additives and bulking agents or 
fillers. Functional additives may include active ingredients, disintegrants, 
lubricants, colourants and stabilising agents. Bulking agents are inert materials 
that are incorporated into the formulation in larger amounts to provide structure 
to the dosage form (Mollet and Grubenmann 2001). Therefore the selection of 
proper feed particles is an essential prerequisite for controlling the granule 
microstructure. The selection criteria of primary solids for a particular process 
depend on a number of factors including size distribution, density, morphology 
and wettability. The importance of these factors in relation to granule properties 
is reviewed in Sections 2.3.1 and 3.2. 
3.1.2. Binder 
Binder is an integral part of granule formulation as it provides cohesiveness for 
the bonding of the solid particles (Hamed et al. 2005) and therefore the desired 
granular structure. Binder can be classified according to its mode of action into 
film, matrix and chemical reaction type. Film or bridge type binders are normally 
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solutions, which coat particles or are drawn to the coordination points where 
they form bridges which solidify after the evaporation of the solvent (drying). 
Matrix-forming binders more or less fill or cover the entire pore space and 
therefore drastically reduce porosity and accessible surface area. Matrix- 
forming binders are typically melts, therefore the binder volume in the fluid and 
the solid state is not significantly different. Chemical binders, which may be 
either matrix or film type, depend for their effectiveness on a chemical reaction 
between the components of the binder and the material being granulated 
(Komarex 1967). 
As it can be deduced from viscous Stokes number models (Ennis et al. 1991; 
Liu et al. 2000) discussed in Section 2.2.3, a certain critical amount of binder on 
the particle surface is an essential pre-requisite to ensure successful collisions 
and therefore granule growth. The time span over which the binder spreads and 
penetrates into the pores of the powder is one of the decisive factors that 
determines the minimum or critical amount of binder for particle build up (Tardos 
et al. 1997). However as a function of liquid binder to solid ratio, granules can 
exist in a number of different states as shown in Figure 3.1 (Newitt and Conway- 
Jones 1958: York and Rowe 1994). 
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Figure 3.1: Different states of granules as function of liquid binder to primary 
solid ratio (Newitt and Conway-Jones 1958; York and Rowe 1994). 
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When a liquid is introduced into the granulator, depending on the wetting 
thermodynamics and processing conditions, it distributes among the solid 
particles and forms liquid bridges. The first state is called pendular state in 
which each liquid bridge links two primary solid particles. In this state the 
characteristic saturation value, x.,, defined as the fraction of total voids filled by 
the liquid, are usually in the range of 0.2-0.3. When all the binary liquid bridges 
that can be created are formed, further addition of granulating liquid leads to the 
formation of larger liquid domains within the granule structure, such that some 
continuous liquid domains are adjacent to more than two primary solid particles. 
This state is called the funicular state, for which the saturation value is typically 
0.3 < xso, < 1.0. When the intra-granular voids spaces are entirely filled by the 
liquid the so-called capillary state of saturated agglomerate, xso, =1.0, is reached 
(Turton et al. 1999). More liquid addition leads to the droplet state where the 
liquid completely surrounds the granule, resulting into an external liquid phase 
with an internal (suspended) solid phase. It is also possible to have a pseudo- 
droplet state, usually in poorly wetting systems, where a funicular granule is 
trapped inside the droplet (York and Rowe 1994). 
3.1.3. Selection Criteria for Granulation Binder 
In industrial practice the selection approach for a binder in a particular system is 
often semi empirical i. e., the binder selection is generally dependent on 
previous experience as well on various compatibility studies (Named et al. 
2005). In literature the importance of surface energies and spreading 
coefficients in binder compatibility studies is cited by a number of authors 
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including Rowe (1989), Parker et al. (1990), Zajic and Buckton (1990), 
Planinsek et al. (2000), and more recently by Simons et al. (2005). In general all 
studies agreed that a binder with favourable spreading thermodynamics attains 
larger contact surface area on the particles and provides greater adhesion 
strength and therefore less friable granules. 
However, in addition to surface energy, viscous forces also play a profound role 
in final granule characteristics. Keningley et at. (1997) suggested a critical 
minimum viscosity of the binder for an effective granulation to occur as granule 
formation would not take place if the viscosity is lower than a certain minimum. 
They found the magnitude of the minimum viscosity for a given system was 
closely related with the feed particle size. Similar observations were made by 
Mills et at. (2000) as they reported increase in growth rate when they increased 
the binder viscosity and the growth mechanism was predominantly layering. 
However they experienced slower growth with binder viscosities higher than a 
certain value and the growth mechanism above this value was largely 
coalescence. Viscous forces also have an influential role in controlling inter- 
granular particle size heterogeneities within a batch as shown by Schaefer et al., 
(2004). They found out that low viscosity binders for fine particles and high 
viscosity for relatively coarse particles were essential to minimise inter-granular 
particle size segregation. 
The effect of binder viscosity on granulation regimes and the resulting granule 
morphology was studied in a recent work by Rajniak et al., (2007). They 
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reported increase in granule porosity with the binder viscosity and suggested 
predominantly coating phenomenon at lower and relatively rapid growth at 
higher viscosity values. However it may be argued that in their experiments the 
binder droplet size, although smaller than mean particle size in all cases, 
increased with the viscosity which may induce some contributions in their 
observed growth mechanisms as was demonstrated by Tan et al., (2006). 
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Figure 3.2: Nucleation formation mechanisms for the liquid drops (a) smaller 
or (b) larger than the primary particles (Scharfer and Mathiesen 1996; 
Hapgood et al. 2007). 
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Droplet size of the binder, a process variable, plays a significant role in fluid-bed 
and low shear granulators but it is less important in high shear mixers because 
of the associated energy that can distribute and redistribute the liquid (Chrikot 
and Propst, 2005). Figure 3.2 summarises possible formation mechanisms in 
fluid-bed and low shear processes as function of relative size of droplets to 
primary particles and spreading coefficients. 
The figure shows that fine droplets promote coating, which renders coalescence 
as the likely growth mechanism. Larger droplets collect smaller particles on its 
surface and allow nucleation to occur by immersion. In both cases of nucleation, 
wettability also determines the growth mechanisms. 
Based on the above review it is now apparent that in wet granulation both 
surface and viscous forces as well as the processing conditions exhibit strong 
influences. The selection of an optimum binder for a given granulation process 
is a complex problem due to several competing phenomena and the interactions 
involved. For example due to critical minimum viscosity requirement a binder on 
a wettable solid might not be able to spread to its fullest extent (equilibrium state) 
within the process time frame. This means practically larger contact angles and 
less solid surface coverage. This scenario on one hand lowers the probability of 
particles hitting each other at their wetted parts but on the other hand it 
increases the local thickness of the binder layer, which improves the chances of 
successful collisions if they strike each other at the binder-wet place. Higher 
viscosity also limits the rate of liquid penetration into the growing particle pores 
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that makes available more binder on the surface. Therefore an integrated 
approach combining surface, viscous and morphological characteristics of the 
raw materials, processing conditions and the desired end-product attributes is 
deemed necessary to develop systematic guidelines for binder selection and 
optimisation. 
3.2. Granule Microstructure 
Granule microstructure can be defined as the spatial distribution of all 
constituents (primary particles, binder and void space) inside a granule 
(Stepanek 2004). 
In granulation the microstructure is the result of four factors: 
i. the process by which the granule has been formed e. g., high shear, low 
shear and fluid bed (Knight, 2001), 
ii. the specific granulation process conditions e. g., shear rate, temperature 
and binder addition rate (Tan et al., 2006). 
iii. the physical state of the formulation ingredients e. g., surface properties, 
initial particle size and shape (Simons and Fairbrother, 2000; Badawy 
and Hussain, 2004), and 
iv. the method of addition and proportion of the materials into the 
granulation process (Abberger, 2001; Juppo and Yliruusi, 1994). 
In short granule microstructure is the result of a complex interaction between 
the ingredients in the formulation and the processing conditions (Edwards and 
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Instone 2001). It is a key quality parameter as it determines the product 
application performance (Knight 2001). For example, the void fraction in 
granulated products is known to have inverse relation with the granule strength 
(Rumpf 1962) and direct relation with the dissolution rate (Cavallari et al. 2002; 
Schenck et al. 2004; Stepanek 2004). Microstructure also carries information 
about the processing history and so it can be used for quality assurance 
purposes or as a tool for production trouble-shooting. The fact that 
microstructure affects end-use application properties for a fixed formulation 
makes it possible to customise products by adjusting processing conditions 
without the need to re-formulate, However, the quantitative relationships 
between formulation and processing parameters on the one hand, 
microstructure, and end-use characteristics on the other hand need to be known. 
The choice of granulation technique strongly exhibits its influence on the particle 
packing arrangement. During the process, the consolidation of growing granules 
caused by the repeated impacts with other granules and equipment surfaces 
reduces their porosity and squeezes out entrapped air and liquid binder to the 
surface (Hapgood et al. 2007). Therefore the extent of consolidation is the direct 
result of shear forces involved in the granulator. Generally, high shear mixer 
granulation produces densely packed low porosity structures whereas low shear 
and fluid bed granulation tend to form relatively open, loosely packed granule 
structures (Hausman 2004). Figure 3.3 shows an example of loose and dense 
particle packings. 
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Figure 3.3: Loose and dense particle packings. 
(Pietsch, 2002). 
Particle packing is also affected by several other factors such as starting particle 
size distribution, shape and surface properties (German, 1989). According to 
Anishchik and Medvedev (1995), and Liu and Ha (2002), particle size 
distribution is one of the most significant parameters that affect packing density. 
Particle size distribution also has an effect on pore size and shape (Ishizaki et al. 
1998). Badawy and Hussain (2004) demonstrated the inverse relationship 
between porosity of lactose granules and initial particle size in high shear 
granulator. However their findings lack in a way that they did not elucidate the 
effect of size distribution width of the starting material, which was different in 
each experimental batch. In the present PhD work, the effect of primary particle 
size distribution on the resulting granule microstructure has been investigated 
systematically using both computational and experimental tools (cf. Sections 5.1 
and 5.2). 
The role of interface formed between liquid binder and primary solids is also 
significant in regard to the particle packing pattern and the resulting 
microstructure. Farber et al. (2006) compared the granulation of wettable and 
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non-wettable powders and demonstrated, using the latter system, the 
preparation of hollow core granules. The geometry of the liquid binder bridges 
formed between solid particles varies with contact angles (Simons and 
Fairbrother, 2000); this is likely to influence the antra-granular packing and 
therefore the pore structure. Further discussion on the importance of surface 
properties in granulation is presented in Chapter 2. An experimental study 
examining how primary particles wettability affects granule properties is 
presented in Section 5.4. 
The introduction method of feed material (binder) into the process as either 
liquid droplets (spray-on) or particles (in-situ melt), and its relative size to 
primary solids control the granule growth behaviour, as demonstrated by 
Scharfer and Mathiesen (1996), and Abberger (2001). Binder in the form of fine 
droplets/particles encourages growth by coalescence while comparatively 
coarse droplets/particles in the system promote immersion and further build-up 
by layering (cf. Figure 3.2). The relative proportion of binder and primary solids 
also bring drastic changes by transiting the microstructure from pendular to 
capillary state as illustrated in Section 3.1.2. 
3.3. Granule Characterisation 
In context of binder granulation processes, the microstructure length scale is 
usually in the range of 1-1000 pm (Edwards and Instone 2001). In view of this 
scale, there exists a variety of techniques by which granules can be 
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characterized but in order to remain concise, only selected techniques related to 
microstructure evaluations are reviewed here. 
The most important and widely used techniques for microstructure 
characterisation are: 
Mercury Porosimetery 
Pycnometery 
Electron microscopy (EM) 
Atomic force microscopy (AFM) 
X-ray Micro Tomography (XMT) 
Infra-red (IR) spectroscopy 
3.3.1. Mercury Porosimetry 
Mercury porosimetry is a well-established technique for the determination of 
pore size and distribution by measuring the pressure needed to force a non- 
wetting liquid into a porous medium and applying the Young-Laplace equation. 
By using the contact angle and surface tension of the injected liquid (mercury), 
pore dimensions can be calculated (Schramm, 1993). Although this technique 
provides detailed information about pores and their distribution, it is generally 
not suitable for fragile granules because of the associated high pressures. 
3.3.2. Pycnometery 
Pycnometry is a procedure based on the measurement of envelope desnity 
(pe) and skeletal density (p, ), by which the total porosity (c) can be 
determined from the following equation (Webb, 2001). 
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8=1p` (Eq. 3.1) 
Ps 
Pe can be measured by low pressure mercury porosimtery (Westermarck et at., 
1998), by commercially available tap density meters or by digital image analysis 
(Hogekamp and Pohl 2003). p, is measured by the Helium pycnometry (Webb, 
2001). 
3.3.3. Electron Microscopy 
EM has been proven to be particularly useful for the analysis of surfaces and 
relies upon the scattering or transmission properties of the material under 
investigation with respect of a focused high-energy electron beam. In the 
Scanning Electron Microscope (SEM), a beam of electrons is focused on the 
surface of a sample and an image can be obtained from the intensity of 
backscattered electrons. In the Transmission Electron Microscopy (TEM) an 
image of the sample is obtained from the electrons that are transmitted through 
the sample. With either SEM or TEM, a fixed energy electron beam is scanned 
across the surface of the sample. The results appear on the read out device as 
a visual image of the surface of the sample. In the case of porous materials and 
particulates, porosity can be determined from the SEM image. Although a 
standard EM set-up is particularly useful to closely examine the sample surface, 
it tells very little about chemical composition unless additional detectors (e. g. 
EDX - Energy Dispersive X-ray detector) are installed (Flegler 1995). 
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AFM provides the possibility to investigate surface structures at nanometre-to- 
subangstrom resolution. The method utilises a sharp probe moving over the 
surface of a sample in a raster scan. The probe is a tip on the end of a 
cantilever which bends in response to the force between the tip and the sample. 
Contact and tapping modes are commonly used operations by which tip scans 
the sample. In contact mode a constant vertical force is maintained between the 
tip and the sample that poses difficulty in analysis of soft and fragile samples 
while tapping mode operates with a lower vertical force than contact mode and 
is therefore preferred for imaging soft, fragile particulate surfaces (Thornton 
2003). There are numerous applications of AFM but the most important, in 
relevance to this study, are mapping of different components on the surface and 
measurement of granule dissolution rates (Babcock et al 2004 and Thornton 
2004). 
3.3.5. X-ray Micro Tomography 
XMT is a recently developed technique for microstructure characterisation. It is 
based on the fact that the attenuation of x-rays is proportional to the material 
density, and so makes it possible to analyse the structure of heterogeneous 
(porous, multi-component) materials. It Is primarily used in medical field 
however XMT system with a resolution of about 4 pm can be utilized for 
characterisation of pharmaceutical granules and other structured particulate 
systems. It is a non-destructive method that measures variation In material 
density by capturing a set of two-dimensional shadow x-ray images of an object 
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that are reconstructed in a three-dimensional structure with the help of a 
mathematical algorithm. This technique can estimate total porosity, although not 
with great precision, as well as detailed morphological properties such as pore 
size, shape and connectivity (Farber et al. 2003). 
The ability of XMT to discriminate different components by their densities, 
however, limits its application range to some extent as a significant number of 
granulated products belonging to pharmaceutical, food and agrochemical 
sectors comprise of ingredients with comparable densities. Another limitation of 
this technique is the long scanning time followed by computationally intensive 3- 
D reconstructions that allow only few individual granules from a sample to be 
analysed in a given amount of time, which can make the findings statistically 
less significant. 
3.3.6. Infra-red Spectroscopy 
Infra-red (IR) spectroscopy and imaging technique is another important 
analytical tool and is widely used for formulation mapping in granular (as well as 
other) products. This technique measures the absorption of various IR light 
wavelengths by the material of interest. These IR absorption bands identify 
specific molecular components and structures. Absorption bands in the range of 
1500 - 4000 wave-numbers are typically due to functional groups (e. g. -OH, 
C=O, N-H, CH3, etc. ). The region between 1500 - 4000 wave-numbers is often 
referred to as the fingerprint region. Absorption bands in this region are 
generally due to intra-molecular phenomena, and are highly specific for each 
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material. The unknown IR absorption spectrum is compared with standard 
spectra in computer databases or a spectrum obtained from a known material to 
determine the identity of the material being analyzed (Braun 1987). 
A variant of this technique which is gaining importance is Near Infra-red (NIR) 
chemical imaging. It is a non destructive method and requires minimum or no 
sample preparation and is widely used in micro-structural analysis of 
pharmaceutical products (Lewis et al. 2004). This technique involves sample 
scanning typically in the range of 800 - 2400 nm. The use of high resolution 
focal plane array detector (e. g., the one used by Malvern Spectral Dimensions 
NIR-Cl 2450 comprised of 82,920 pixels that is equivalent of around 82,000 
detectors) enables to acquire thousand of spatially resolved spectra 
simultaneously in an acquisition time of approximately 4 minutes. As a result, an 
image plane for each wavelength and the localized spectra corresponding to the 
different pixels within the image can be displayed - this information can be used 
to identify different chemical components and their spatial location in a given 
sample. 
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4.1. Granule Formulation 
Depending on the granulation method, as explained in Section 4.2 below, 
different primary solids and binder systems were used in this study. In melt 
granulation, sugar spheres under the commercial name Suglets® (NP Pharm, 
France) were used as primary solid particles and various grades of polyethylene 
glycol (VWR, UK) as in-situ melt binder. In solution-binder based spray 
granulation mode, D-mannitol under the commercial name Pearlitol-200SD® 
(Roquette, France) was employed as primary solid particles and aqueous 
solutions of hydroxypropyl cellulose and polyvinyl pyrrolidone (Fisher Scientific, 
UK) as liquid binders. 
The two solids are common pharmaceutical excipients and the binders are 
typical examples of a melt and aqueous binder. The sugar spheres are 
themselves agglomerates composed of sucrose (92% dry basis) and maize 
starch and are widely used in controlled-release solid formulations. They offer 
good control in granulation due to their higher sphericity (shape factor = 0.85) 
and narrow particle size distribution. Mannitol is a polyol (hexahydric alcohol) 
and is isomeric with sorbitol. Its Pearlitol-200SD version Is a free flowing spray 
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dried powder. It is a stable and non hygroscopic material and available in high 
purity, therefore considered an excipient of choice in pharmaceutical 
applications. SEM images of both solids are shown in Figure 4.1 for comparison. 
The figure clearly illustrates dissimilarity between the two systems as far as 
shape is concerned. 
Since sugar spheres were available in narrow size distribution, they were 
employed in the experimental study as received. The size distribution of 
mannitol was relatively wide and it was therefore sieved into several narrow size 
fractions for maintaining consistent feed throughout the study, as mannitol is 
prone to settle and segregate when stored. Another reason of particle 
classification by sieving before granulation was to improve process compatibility 
by removing very fine particles that may entrain with fluidising air and clog the 
over-head filter system. 
The size distributions of primary solid particles used in this study are given in 
Table 4.1. Important physical properties of the solids and the binders are listed 
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in Tables 4.2-4.4. Sodium chloride (Fisher Scientific, UK) was used as a model 
water soluble active ingredient in the granule formulations. NaCl was added as 
dry particles blended with the excipients, as ternary solution with polymeric 
binder or as solid dispersion in melt binder depending on the required 
distribution in the granule structure. The method of preparation of solid 
dispersion is described in Section 4.3. 
Table 4.1: Particle size distribution of primary solid particles used in this study. 
Suglets 250/355 pm % Suglets 180/250 pm % 
(S1) (S2) 
Part > 470 pm 0 Part > 300 pm 3.8 
Part > 425 pm 0.9 Part 251 - 300 pm 8.1 
Part 356 - 425 pm 7.8 Part 180 - 250 pm 88.1 
Part 250 - 355 pm 91 Part < 180 pm 0.1 
Part < 250 Nm 0.3 
Mannitol 150/250pm % Mannitol 90/150 pm % 
(MI) (M2) 
Part >350pm 0 Part >210pm 0 
Part > 250 pm 7.7 Part > 150 pm 5.6 
Part 150 - 250 Nm 68.6 Part 90 - 150 pm 86.3 
Part < 150 pm 23.7 Part < 90 pm 8.1 
Part <100pm 0 Part <40pm 0 
Mannitol 125/180 pm Mannitol 106/212 pm Mannitol 75/250 pm 
Part 
\M3) 
(M4) NO 
< 75 0.83 4.6 16.01 
75 - 106 2.7 10.92 15.95 
106- 125 16.63 21.24 13.64 
125 - 180 63.24 49.7 33.46 
180 - 212 14.17 12.13 14.62 
212 - 250 2.32 1.02 5.04 
> 250 0.1 0.37 1.26 
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Table 4.2: Important physical properties of primary solids used in this study 
(*Solubility of sucrose, the starch component is insoluble in water at 20 °C). 
Property Sugar spheres Mannitol 
Solubility [20 °C, part/part in water] 1 in 0.5* 1 in 5.5 
Absolute density [g/cm3] 1.58 1.51 
Shape factor (approx. ) 0.85 0.55 
Particle porosity - 0.3 
Table 4.3: Mean values of the physical properties of polyethylene glycols used 
as binders in this work. Viscosity is at 100 °C (Schaefer and Mathiesen, 1996). 
PEG mol. wt. p [kg/m3] T, np [*Cl N [mPas] 
1,500 1180 46 28 
4,000 1180 54 155 
6,000 1180 57 421 
8,000 1180 59 683 
10,000 1180 61 2080 
20,000 1180 63 10900 
Table 4.4: Viscosity and surface tension data of aqueous polymeric binders at 
selected concentrations (*extrapolated values, "interpolated values from the 
work of Raimundo (2008)). 
Conc. [wt%] p [Pa-s] y [mN/m] 
PVP HPC PVP"' HPC 
1 0.0048 0.0077 67.27 50.26 
2 0.0051 0.0127 66.81 50.23 
3 0.0054 0.0261 66.36 50.21 
4 0.0057 0.0545 65.90 50.19 
5 0.0060 0.1045 65.44 50.14 
10 0.0075 0.9095 63.15 - 
15 0.0090* 3.2445* - - 
4.2. Granulation Protocol 
Granulation was performed in a desktop fluid-bed granulator (FBG) of the 4M8 
range (Pro-Ce-epT, Belgium) equipped with computer logging of process 
parameters. A schematic diagram illustrating top-spray granulation set-up is 
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Figure 4.2: Schematic drawing of FBG. Regular font represents FBG components 
and process materials while italic font shows computer controls and connections. 
shown in Figure 4.2. Like any conventional batch FBG, the solid particles are 
held in the fluidised state by the upward flow of a gas (air in this case), this 
promotes high heat transfer rates and good mixing. Liquid binder is introduced 
in the form of droplets on the upper bed surface by fixing the height of an 
atomising nozzle. The droplet size of the liquid binder can be adjusted by 
Inlet airflow-rate & temp. 
controller. Temp. & pressure 
Qauves 
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controlling the air and/or liquid flow rates as shown in the figure. Filter bags, 
positioned at the top of the chamber, collect fine particles that can be re- 
introduced into the fluidising bed by means of applying a periodical blowback 
pressure. 
In this study the fluid-bed was operated in two different modes based on the 
method of binder addition. The PEGs were applied as in-situ melt binder while 
polymeric aqueous solutions as top-spray through the nozzle. Further details on 
both process modes can be found in the following sections. 
4.2.1. Melt Granulation 
A single melt granulation experiment consisted of three steps: mixing, heating, 
and cooling. A 200 g batch composed of Suglets or mannitol and PEG particles 
with or without NaCl in the appropriate form, was first fluidized at ambient 
temperature for approximately 120s to achieve mixing. The inlet air flow-rate 
was kept in the range of 1.4-1.6 m3/min. Temperature of the bed was then 
raised at the rate of 7-10°C per minute to 60-65 °C for all grades of PEG except 
PEG-10,000 and PEG-20,000 as for the batches consisting of these grades the 
temperature was increased to 65-70 and 70-75 °C respectively. These different 
temperatures settings were necessary for an effective agglomeration to occur 
with various binder grades with different softening points. After 120 s the inlet air 
temperature was switched back to ambient and the bed was discharged after 
cooling down to 40 °C. 
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Materials and Methods 
As the study progressed and so the understanding of granulation as an 
engineering process, the method of spray granulation was gradually refined in 
order to gain greater process control and higher yield due to lower material 
build-up on the equipment's internal surfaces for the chosen set of raw materials. 
Therefore the work in this thesis is based on three following methods which 
differ by liquid binder addition, temperature and fluidising air flow rates. 
4.2.2a Method-1: The spray granulation procedure for the mannitol-HPC or PVP 
system may also be divided into three steps, namely: heating, agglomeration 
and drying. A mass of 200 g of mannitol was fluidised by maintaining the air 
flow-rate in the range from 0.5 to 0.6 m3/min (due to smaller particle size and 
density compared with Suglets). Temperature of the bed was raised to 60 °C 
before introducing aqueous PVP as a top-spray through a two-fluid nozzle at a 
flow-rate of 6-9 ml/min. The nozzle height and atomising air pressure were kept 
constant throughout the study. The addition of aqueous binder caused the bed 
temperature to drop to around 45 °C. The drying regime started immediately 
after completing the dosage of the liquid binder and the granulation end-point 
was taken when the bed again reached 60 °C (the inlet air temperature). 
4.2.2b Method-2: A mass of 200 g of mannitol or mannitol and NaCl was 
fluidized by maintaining the air flowrate in the range of 0.5-0.6 m3/min (due to 
smaller particle size and density compared with Suglets). Temperature of the 
bed was raised to 50°C before introducing 70 ml of the aqueous solution of HPC 
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or HPC and NaCl as a top spray through a two-fluid nozzle at a flow-rate of 15 
ml/min. The solution was sprayed in two intervals, that is, the spray was 
stopped for 60 s after the addition of 25 ml and then for 120 s after dosing 
further 25 ml. These time intervals were necessary to keep the bed in a fluidized 
state. The nozzle height and atomizing air pressure were kept constant 
throughout the study. The addition of aqueous binder caused the process 
temperature to drop to approximately 40°C. The drying regime started 
immediately after completing the dosage of the liquid binder, and the 
granulation end-point was taken when the bed again reached 50°C (the inlet air 
temperature). 
4.2.2c Method-3: It is similar to Method-1 except the following: There was no 
initial warming-up period, the fluidising air temperature was kept at 25 °C during 
the binder addition period, and the fluidising air flow-rate was gradually 
increased from 0.6 to 1.2 m3/min to keep the bed height constant. After dosing 
the binder in required proportion, the drying regime was started by slowly 
increasing the bed temperature at the rate of 3 °C/min. The dried granulated 
material was discharged when its temperature reached to 60 °C. 
Typical examples of both Suglets and mannitol granules are given in Figure 4.3. 
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Figure 4.3: SEM micrographs of typical (a) Suglet- and (b) m aiinitol-based 
granules prepared for this study. 
4.3. Preparation of Solid Dispersion 
In those experiments where it was required to add NaCl as solid dispersion in 
the binder rather than as a particle blend with the excipient (see Section 8.2 
below), a specified amount of NaCl of the required particle size was introduced 
into molten PEG and then the suspension was allowed to cool at ambient 
Figure 4.4: X-ray microtomography transmission image of three PEG-6,000 binder 
particles containing dispersed NaCl crystals. 
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temperature under constant agitation. The agitation, which was necessary to 
keep uniform distribution of suspended NaCl particles in the PEG continuum, 
was stopped when the suspension turned into a viscous paste. The paste was 
then left overnight to fully solidify, and finally milled and sieved to the required 
size range. Figure 4.4 shows an x-ray transmission image of solidified and 
milled PEG containing dispersed NaCl particles. 
The method described above is an effective way to incorporate various 
components into granule formulation that could not be added as a dry blend 
with the excipient. For example if the particle size of the component is very fine 
compared to the rest of the formulation then, at the inlet air flow rate required to 
fluidise the whole batch, these particles would be either entrained with the 
fluidising air into the overhead filtering system or segregated in the bed and 
thereby make it difficult to obtain a homogenous granule composition in fluid- 
bed granulation. 
4.4. Preparation of Frozen Dispersion 
In analogy of the solid dispersion as explained above, frozen droplets of 
aqueous HPC binder containing suspended glass beads were also produced. 
The suspension in the form of droplets using 5-ml pipette was introduced in a 
vessel containing liquid nitrogen. As a result of this, the droplets were 
immediately frozen or quenched. The frozen droplets were filtered after keeping 
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in liquid nitrogen for 20 s followed by immediate mixing and processing with pre- 
cooled feed particles. 
4.5. Dissolution rate measurement 
4.5.1. Dissolution of Active Ingredient 
Dissolution tests were carried out in a 400 ml beaker filled with 250 ml of de- 
ionized water at a constant temperature of 20°C. A granule sample of 1.00 g 
was introduced, and the release of NaCl in water was monitored by measuring 
conductance (Jenway, model 4510) of the dissolution medium at constant time 
intervals. The batch was stirred by an overhead stirrer at 50 rpm. The height 
and speed of the stirrer were chosen so that the sample granules were not in 
direct contact with the stirrer blades in order to avoid mechanical attrition and 
breakage. As a result, granule disintegration did not occur in any of the cases 
discussed below (that is, the granules dissolved predominantly by the shrinking- 
core mechanism). The selected size ranges for dissolution study were 1000- 
1500 pm for Suglet-based and 500-710 pm for mannitol-based granules. 
As a reference, the intrinsic dissolution of NaCl particles was also measured. 
The particles were introduced into the system as 20% by weight suspension in 
iso-propanol (VWR, UK) to keep the individual particles physically separated. If 
introduced directly, the particles had a tendency to form aggregates and affect 
the dissolution rate. Iso-propanol has been chosen as the dispersion aid 
because it is an anti-solvent for NaCl but at the same time it mixes well with 
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water. The total quantity of iso-propanol introduced into the system was small 
enough (0.5 ml) not to affect the dissolution of NaCl in water. 
4.5.2. Dissolution of Excipient 
The method for excipient dissolution measurement was similar to the one 
described above except the tests were carried out in a 500 ml beaker filled with 
300 ml of de-ionised water at 25 C. For analysing suglets granules 25 g of 
sample, and for mannitol 15 g, was introduced and the release of the sample 
ingredients in water was noted by a immersable refractometer (Refracto 30GS, 
Mettler Toledo) at a fixed time intervals. In order to study intrinsic dissolution of 
un-granulated particles, the same experimental procedure was followed except 
the stirrer speed which was maintained at 200 rpm. This adjustment kept the 
particles in motion with greater degree of separation, because at lower stirring 
rates the smaller particles are inclined to form clumps that are likely to bring 
inaccuracies in the dissolution results. All dissolution tests were carried out in 
duplicate. 
4.6. Contact Angle, Surface Tension and Viscosity 
Contact angle measurements were made by means of Drop Shape Analysis 
System (Kruss DSA-10) that provided suitably detailed information on the 
interactions between the liquid droplet and the receiver surface. The Kruss 
DSA-10 automatic drop-shape analyser was equipped with high-magnification 
optics that allows direct observation, video capturing and software image 
analysis of droplet spreading kinetics. The Tensiometer (KRUSS K100) and 
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Rheometer (Paar Physica UDS 200) were used to evaluate liquid's surface 
tension and viscosity, respectively. 
4.7. Inverse Gas Chromatography 
All surface energy measurements were carried out on an SMS-IGC 2000 
instrument (Surface Measurement Systems Ltd., London, UK). Primary particles 
as well as binder samples were packed into separate glass columns (0.3 cm ID, 
30 cm in length). Measurements were performed with octane, nonane, decane 
and undecane as probes for the determination of the dispersive contribution of 
the surface energy. Specific free energies, representing the interaction between 
polar probes and the solid surface were determined using acetone, acetonitrile, 
ethyl acetate, dichloromethane and ethanol. Prior to the measurements a pre- 
treatment was carried out for 2 hr at 303 K to establish equilibrium with the 
samples and the carrier gas. After the pre-treatment procedure, pulse injections 
were performed by a 0.25 ml gas loop at 303 K and under infinite dilution 
conditions. 
4.8. Droplet Size Measurements 
Although order-of-magnitude estimates of the mean droplet size can be made 
from established correlations, in general the most practical and reliable way to 
determine droplet size distributions is to measure them experimentally under the 
conditions of interest for the nozzle of interest. In this study Malvern Spraytec 
has been used to measure the droplet size of the spray produced by a lab scale 
twin-fluid nozzle (Schlick970S1), i. e. the same nozzle used in the fluid-bed 
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spray granulation (cf. Section 4.2.2 above). This nozzle utilizes the kinetic 
energy of high-pressure gas (air in this case) to break up the liquid stream into a 
fine spray. A relevant application note on nozzle calibration can be seen in 
Appendix II. 
4.9. Particle Size Measurements 
The particle size measurements were performed by automated image analysis 
of approximately 5000 primary particles (or 3000 granules) of each well-mixed 
sample using Ankersmid DSA-10 size and shape analyser. 
4.10. Sieving 
4.10.1. Feed Particles 
Primary particles (and solid dispersion containing NaCl and PEG) were sieved 
on a stack of certified 200 mm internal diameter sieves using Endecotts Minor 
Sieve Shaker. The mesh size of the sieves varied from 33 to 1000 pm 
depending on the particle size range processed. The total loading on sieves 
was 300 g (150 g for solid dispersion) and the sifting time was kept at 20 
minutes. After each sifting the sieves were thoroughly cleaned with the help of a 
hard brush before loading another batch. 
4.10.2. Granules 
Granule size classification was performed by putting 50 g of granules on the top 
sieve and the whole stack of sieves was manually tilted around its axis to allow 
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granules to pass through from larger mesh to their corresponding size slot. This 
gentle procedure ensured minimum particle breakage and attrition that could 
otherwise occur if mechanical shaker was used. 
4.11. Granule Crushing 
In order to analyse particle distribution in different fractions of granules; the 
granules were first sieved into 500-710,710-1000,1000-1400 and >1400 Nm 
fractions according to the method described in Section 4.10.2. Each fraction 
was then gently crushed between a stainless steel roller and a hard, smooth 
wooden surface. To encourage only granule breakdown and minimise primary 
particle breakage, the steel bar (weighing approx. 1.3 kg) was rolled over a 
mono-layer of granules for a specified number of times and the crushed mass 
was sieved on 250 Nm mesh. The process was repeated with the over size 
content until all passed through the sieve. 
4.12. Stearic Acid Coating 
Mannitol particles were dispersed in acetone (VWR, UK) that contained 
dissolved stearic acid (Fisher Scientific, UK). The suspension was gradually 
heated and maintained near the boiling point of acetone (56.2 °C) under 
constant agitation. This arrangement driven out all acetone and deposited a thin 
layer of stearic acid on the mannitol particle surface. The powder was then dried 
under vacuum to ensure complete removal of acetone. Depending on the 
strength of the acid solution, the coating Induced certain degree of 
hydrophobicity on otherwise hydrophilic mannitol particles. 
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4.13. Microstructure Characterisation 
4.13.1. Porosity measurement 
Granule porosity evaluation was based on the pycnometry method described in 
Section 3.3.2. The envelope density of the granules was measured by using a 
quasi-fluid composed of small and rigid spheres that have a high degree of 
flowability; known as Dryflo (Micromeritics, USA). The measured amounts of 
sample and Dryflo were mixed and filled into a 10 ml graduated cylinder and 
after specified number of taps the volume of the mixture was noted. The 
procedure was repeated without sample and the difference between the two 
volumes was used in envelope density calculation. The absolute or skeletal 
density of the granules, which is needed in Eq. 3.1 for the evaluation of porosity, 
was determined from the following equation: 
PPb 
Pa __ CIA + Ob P. 
(Eq. 4.1) 
where p, and Pb are the known absolute densities of solid primary particles 
and binder and a, and 0b are the known mass fractions of primary particles 
and binder in the granule, respectively. 
4.13.2. Tomographic Analysis 
Granule microstructure was characterised by means of X-ray computed micro- 
tomography (XMT) (Farber et al. 2003), using the SkyScan 1072 desktop X-ray 
micro-tomograph (SkyScan, Belgium). Granule samples were scanned using a 
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0.9° scan step from 0° to 180° and the typical acquisition time was around 25 - 
40 min. Cross-sectional pixel size of 3.66 - 4.20 pm was maintained for all 
samples. Cross-sectional and three-dimensional images were reconstructed 
using the SkyScan software package. 
Selected two-dimensional horizontal tomographic images of granules were 
further processed by the image processing software ImageJ. Due to the 
different noise level and the correction requirement, the tools used for 
enhancement were not identical with all images. However, the set of operations 
for image enhancement was confined to threshold adjustment, de-speckle, fill 
holes, dilate, erode and again fill holes if necessary. Both dilate and erode 
operations were used for equal number of times to maintain the phase volume 
and external dimensions of the cross-sections. An example illustrating a granule 
XMT image before and after enhancement is given in Figure 4.5. 
Figure 4.5: Example of image enhancement using the ImageJ software. 
(a) Original x-ray image and (b) enhanced image. 
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4.13.3. NIR Chemical Imaging 
Malvern Spectral Dimensions NIR-CI 2450 Chemical Imaging System was used 
for imaging of different components in the granular structures. The two sets of 
granules, Suglets-PEG & mannitol-HPC, were analysed in both intact and 
dissected forms in order to examine the distribution of binder within the granule. 
Initially the data are pre-processed where they are background and dark 
corrected, converted to absorbance units then normalised. Data pre-processing 
is necessary to remove physical effects (surface scattering, density, hardness 
etc. ) and to enhance chemical contrast. In the data processing, a Partial Least 
Squares (PLS) model is used to determine spectral contribution from each 
component at every pixel. PLS is a multivariate (chemometric) analysis tool 
which predicts identity based on a pure component library. This library was 
constructed from images acquired of the pure components. Each pixel is 
scored between "0" and "1" relative to pure components. A score value of "0" 
means the component is not present at that pixel and "1" indicates the presence 
of a pure component. The scored image provides a visual and quantitative 
representation of the spatial distribution of the material in the sample. An 
application note describing this technique in detail Is given in Appendix II. 
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EFFECT OF PRIMARY PARTICLE PROPERTIES ON 
GRANULE MICROSTRUCTURE 
5.1. Bimodal Primary Particle Size Distribution 
The importance of primary particle packing on granule porosity has been 
mentioned in Section 3.2. By manipulating the packing density of the primary 
particles within the granule, it should be possible to modify granule porosity 
while keeping the binder/solids ratio constant. It is well established from 
computational modelling (Anishchik and Medvedev, 1995; Liu and Ha, 2002) 
that the packing density of a binary mixture of fine and coarse particles goes 
through a maximum as the mixing ratio is changed, and the position and value 
of the maximum depends on the size ratio of the particles. 
5.1.1. Effect on Microstructure 
In order to make use of the above-mentioned effect in granule microstructure 
formation, granules from admixtures of Si-S2 Suglet particles with in-situ melt 
binder (particle size 250-355 pm) were prepared by melt granulation method (cf. 
Section 4.2.1) and granules from a mixture of M1-M2 mannitol particles with 
aqueous PVP binder were prepared by spray granulation Method-1 (cf. Section 
4.2.2a). The mixing ratio of the fine and coarse primary particles was varied 
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while keeping a fixed binder content. The results of these experiments are 
presented in Figure 5.1. 
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Figure 5.1: Experimentally measured and computed dependence of granule 
porosity on the fine/coarse primary particle mixing ratio (by mass) for 
constant binder content (12.5% by vol. for Suglets and 4.5% for Mannitol). 
Accounting for experimental error (±1.0, based on three repeats) in porosity 
measurement, the trends in the figure show either very strong or moderate 
dependence of porosity on bi-modal particle size distribution. However, in any 
case, a minimum of porosity as function of the fine/coarse mixing ratio was 
indeed observed. The position of the minimum is different between Suglet- and 
mannitol-based granules, while the relative reduction in porosity between 
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coarse-only (S1 or M1) granules and the minimum is approximately the same 
for both systems. The latter effect can be explained by the fine/coarse size ratio 
and is in-line with theoretical expectations: the M, /M, size ratio (cf. Table 4.1) is 
0.6, the S2/S1 size ratio is 0.7, hence a similar increase in packing density can 
be expected. The difference in the position of the minima is probably due to the 
combined effect of different shape factors and different absolute size of Suglet 
and mannitol particles. Note also that for Suglets, which are more spherical than 
mannitol, the porosity of S, -only and S2-rich granules is approximately the same 
(the packing density of uniform spheres is independent of absolute size), while 
this is not the case for mannitol-based granules, possibly due to size- 
dependence of the shape factor or other shape-related phenomena. 
b) C) 
Figure 5.2: X-ray tomography images of Suglet granules (S, -PEG8000, binder 
content 11 % by mass), showing granule cross-section before (a) and after (b) 
image filtering and segmentation, and after 3D reconstruction (c). 
Let us now analyse in more detail the microstructures of the two types of 
granules. The granule structures were analysed by means of x-ray computed 
micro-tomography (XMT) and by scanning electron microscopy (SEM). The 
microstructure of a Suglet-PEG granule is shown in Figure 5.2. Thanks to a 
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difference in x-ray attenuation of sucrose and PEG, and the relatively large 
binder content of the granule, the primary particles and binder can be clearly 
distinguished (Figure 5.2a). The source images were processed (segmented 
and converted to a binary form - Figure 5.2b) and a 3D rendering of the granule 
was generated (Figure 5.2c). The cross-sections of the granule confirm what 
was so far only assumed - that the primary particles are arranged in a random 
close-packed structure within the granule, and the inter-particle void space is 
partially saturated by solidified binder bridges. The binder bridges are also 
clearly visible on an SEM photograph of the granule, which is shown in Figure 
5.3. 
primary particles. 
The SEM picture also reveals that the primary particles seem to be coated by a 
thin layer of PEG (cf. the surface texture of primary particles shown in Figure 
4.1 a). 
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Figure 5.3: (a) SEM images of a Suglets granule (S1-PEG8000, binder 
11 %). (b) Detail showing solidified binder bridges and coated surface of 
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Figure 5.4: X-ray tomography images of mannitol granules (M, -PVP, binder 
content 3% by vol. ), showing granule cross-section before (a) and after (b) 
image filtering and segmentation, and after 3D reconstruction (c). 
The same structure analysis has been carried out for the mannitol granules. The 
XMT results are shown in Figure 5.4. Due to the relatively small volume fraction 
of binder and/or similar x-ray attenuation of the binder and primary particles 
(Figure 5.4a), it was only possible to segment the image into solid and gas 
phases (Figure 5.4b) without specifically identifying the binder. The 
microstructure of the mannitol-based granules is clearly very different from that 
of the Suglet-based ones. Apart from the notable absence of binder in the 
mannitol granules, the smaller particle size and increased surface roughness of 
the mannitol primary particles leads to a different packing pattern. An SEM 
image of a mannitol-based granule is shown in Figure 5.5a. The view of the 
entire granule confirms its "sponge-like" morphology, which is also visible on the 
3D rendering of XMT data (Figure 5.4c). The detail of the granule surface 
shown in Figure 5.5b reveals an interesting phenomenon - the primary particles 
appear to have partially fused into each other, probably as the result of partial 
dissolution of mannitol in the aqueous binder and subsequent re-solidification 
upon drying. 
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Figure 5.5: (a) SEM images of a mannitol granule (M, -PVP, 3% binder). (b) 
Detail showing solidified binder bridges and coated surface of primary 
particles. 
Figure 5.6: Suglets granule generated by computer simulation of primary 
particle packing and binder spreading, shown as (a) 3D view and (b) cross- 
section. Primary particles are shown in grey, binder in black. 
Having obtained a full 3D microstructure characterisation of granules from the 
two formulations, "virtual granules" were also created computationally by 
simulating the random packing of primary particles and the spreading and 
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solidification of binder according to the algorithm described by Stepanek and 
Ansari (2005). The entire simulated granules shown in 3D view and cross- 
sections are then depicted in Figure 5.6 and 5.7. The particle size and the 
binder content in the simulated granules were kept the same as in the 
corresponding granules analysed by XMT. As can be seen, there is a rather 
good qualitative agreement between the simulated and the real microstructures 
in both Suglet (Figure 5.2 and 5.3 vs. Figure 5.6) and mannitol (Figure 5.4 and 
5.5 vs. Figure 5.7) granules. 
b) 
Figure 5.7: Mannitol granule generated by computer simulation of primary 
particle packing and partial fusion, shown as (a) 3D view, and (b) cross- 
section. Due to small volume fraction, the binder is not explicitly considered. 
Quantitative comparison between the porosity of simulated agglomerates and 
experimentally observed porosity is shown in Figure 5.1 for the case of Suglets 
granules. We can see that although the two data-sets both have the feature of a 
minimum of porosity as function of the fine/coarse ratio, the position of this 
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minimum as predicted by simulations is somewhat different from that measured 
experimentally. A possible explanation could be that in the physical system the 
close-pack limit is not actually reached due to the viscous binder present on the 
primary particles, which may act as a "spacer" not allowing the particles to come 
into full contact and consequently decreasing the packing density. The XMT and 
SEM images shown in Figures 5.2-5.3 would support this hypothesis. 
5.1.2. Effect on Dissolution 
Dissolution rate of a granule is the most important application property in 
situations when it eventually performs its function in solution (e. g., drugs, instant 
foods, detergents, etc. ). Therefore the granules prepared by varying the bi- 
modal distribution of the primary solids, and thus porosity, were subjected to 
dissolution test according to the protocol described in Section 4.5.2. 
Previous computational work on granule dissolution by Stepanek (2004) has 
shown that depending on the relative solubility and diffusivity of primary 
particles and binder, porosity can either have a very strong or practically nil 
effect on the granule dissolution rate depending on the intrinsic dissolution rate 
of the primary particles and the binder. The two systems investigated in this 
work were chosen to be representative of both fast (Suglets) and relatively slow 
(mannitol) dissolving primary particles. The dissolution curves, in the form of 
fraction dissolved vs. time, of mannitol-PVP granules are plotted in Figure 5.8 
for constant binder level but different porosites, realised by changing the 
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primary particle size distribution as discussed above. The dissolution curves of 
un-granulated primary particles are plotted in the same graph for comparison. 
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Figure 5.8: Dissolution curves of mannitol-PVP granules (4.5% binder) 
prepared with different fine-coarse ratios as indicated in the legend 
(particle sizes are given in Table 4.1), and of un-granulated particles. On 
the y-axis is the relative concentration of mannitol in the solution. 
The dissolution curves of the primary particles demonstrate that there is only a 
very small effect of particle size on the dissolution rate of individual particles, 
and that when primary particles are confined within a granule, the dissolution is 
comparatively much slower than for free primary particles. Comparing the 
dissolution curves of granules prepared with different M2/M, ratios, we can 
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observe that the dissolution rate is the slowest for M2/M1 = 0.0 and 0.1, i. e. for 
the two cases with the lowest porosity (cf. Fig. 6), while dissolution is fastest for 
M2/M, = 0.5, which has the highest porosity. The fact that M2/M, = 0.9 has 
slower dissolution rate although it is composed of smaller primary particles (the 
binder content is the same in both cases), is in line with the hypothesis that 
porosity rather than primary particle size is the most important factor controlling 
dissolution rate in this case. 
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Figure 5.9: Dissolution curves of Suglets primary particles (Si) and S, -PEG 
granules with binder content varying from 5 to 10% as indicated in the legend. 
On the y-axis is the relative concentration of succrose in the solution. 
76 
0 200 400 600 800 1000 1200 
Time [s] 
Chapter 5 Effect of Primary Particle Properties on 
Granule Microstructure 
In a stark contrast to the dissolution behaviour of the mannitol-PVP granules is 
that of the Suglet-PEG granules. It was found that porosity has virtually no effect 
on the dissolution of the Suglets granules and that the dissolution rate of 
primary particles was practically the same as that of granules. The dissolution 
curves of Suglets granules with different binder levels were also practically 
similar as shown in Figure 5.9. This indicates that we are dealing with a system 
where the intrinsic dissolution of primary particles is the rate-limiting step. 
Further details on the effect of binder content on dissolution rate can be found in 
Section 6.1.2. 
5.2. Primary Particle Size Polydispersity 
The case discussed above (Section 5.1) involved a specific, purpose-made 
primary particle size distribution, which is bi-modal but consists of a blend of two 
relatively narrow size fractions. A situation common in industry is that the PSD 
is mono-modal, the mean particle size is kept constant, but due to batch-to- 
batch or supplier-to-supplier variability the particle size range (i. e. the "width" of 
the distribution) can fluctuate. To understand the effect of primary particle size 
distribution width on granule properties, three primary particle feeds namely M3, 
M4 and M5 (cf. Table 4.1) were customised by sieving such that the particle size 
range covered by the distribution gradually increased while the mean particle 
size was kept constant at 155±5 pm (full size distributions can be found in Table 
4.1 and are plotted in Figure 5.10). The granulation protocol for all three batches 
followed Method-3 (Section 4.2.2c). The binder used was 15 wt% aqueous HPC 
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which was added at a rate of 5 ml/min and the binder to solids ratio was fixed at 
0.054 g/g on dry basis in all cases. 
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Figure 5.10: Size distribution of mannitol, M3, M4 and Mr,, particles. 
The average granule porosity of the three batches was found in the range of 
0.40 to 0.43, which is close to the experimental error (±0.01) in porosity 
measurement. Based on this finding, one can conclude that as long as the 
mean primary particle size is kept constant, then so is the granule porosity. 
However, when the granules were sieved into different size fractions and the 
porosity of these size fractions measured, an interesting trend emerged. Figure 
5.11 clearly shows that the larger granules are denser compared to their smaller 
counterparts and this trend is more prominent for M4 and M!, granules that were 
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produced from primary particles of a wider size range. In light of the results 
reported in Section 5.1, i. e. that a blend of fine and coarse primary particles 
leads to a minimum of granule porosity, the trend shown in Figure 5.11 could be 
explained by the higher content of fines in the larger granules. As the Mr> 
primary particles have the highest ratio of coarse to fine particles, the presence 
of a higher proportion of smaller particles in the larger granule fractions could 
result in the denser, less porous product. 
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Figure 5.11: Distribution of porosity within different granule sieve cuts of 
the batches produced with M3, M4 and M5 particles as indicated in the 
legend. 
In order to confirm this hypothesis, the content of fine and coarse primary 
particles in the various granule fractions was analysed. The granules were 
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gently crushed, according to the method given in Section 4.11, after sieving into 
500-710 pm, 710-1000 pm, 1000-1400 pm and >1400 pm and the proportion of 
fine, medium and coarse primary particles in each granule sieve cut was 
measured. The results are summarised in Figure 5.12. To enhance the 
readability of the distribution profiles, the primary particles were classed into 
<125 pm, 125-180 pm and >180 pm as fine, medium and coarse, respectively, 
rather than reporting their full distributions. 
Figure 5.12a represents the batch prepared with M3 particles. It shows that the 
amount of each type of particles, especially medium and coarse, did not vary 
significantly among granules of different size classes. This implicates, as far as 
the arrangement of primary solids is concerned, the extent of inter-granule 
heterogeneity is lesser for starting feed particles with narrow size range. In 
comparison the data belonging to M4 and M5 granules (Figure 5.12b and 5.12c 
respectively) show that the proportion of smaller primary particles in the 
granules was increased and the coarse primary particles decreased gradually 
with the increasing granule size class. The variation in the distribution of 
medium sized particles appears to be less significant. This observation is 
consistent with the hypothesis stated above, i. e. that a higher proportion of fines 
in the coarse granules size fractions is responsible for the decrease in porosity. 
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Figure 5.12: Proportion of fine (<125 pm), medium (125-180 pm) and coarse 
(>180 pm) particles within different granule sieve cuts belonging to the 
batches prepared from (a) M3, (b) M4 and (c) M,, primary particles. 
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It may be argued that these size profiles could be biased towards fines because 
of the method employed to crush the granules. Although precautions had been 
taken to avoid breaking any primary particles, in absolute terms it may be 
unavoidable. However, the crushing method was identical in each experiment, 
and so the magnitude of any error should be similar for all batches and all 
granule size fractions, and therefore the trends explained in Figure 5.12 should 
not be affected. 
Let us also analyse the effect of the primary particle size distribution width on 
the granule size distribution. Figure 5.13 shows the size distributions of three 
batches of granules produced by M3, M4 and Ms primary particles. First of all, as 
it can be seen in the figure, the amount of ungranulated fines was insignificant 
and therefore indicated that despite varying the starting particle size distribution, 
the chosen identical processing conditions were suitable to process all mannitol 
types used in this set of experiments. It may also be noted that the distributions 
of all granule batches are much closer to one another than what might be 
expected from the relatively larger differences in the PSD of their respective 
primary particles (cf. Figure 5.10). This implies that this particular granulation 
method and formulation is relatively robust with respect to fluctuations in the 
width of the primary particle size distribution, as long as the mean primary 
particle size is maintained. The only clearly noticeable difference in the granule 
size distributions is that the batch prepared from M5 primary particles contains a 
larger proportion of the coarser fractions (>1000 pm). That means wider 
distribution of primary particles promotes the formation of larger granular 
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product; however it also appears that the granule sieve cuts were not 
significantly responsive to moderate variation in the width of feed distribution as 
both M3 and M4 produced comparable proportion of coarse granule fractions. 
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Figure 5.13: Size distribution of granules produced frone different starting 
particle size (legend shows the type of initial primary solids). 
Since the mean diameter of the starting particles was kept at 155 ±5 Nm, the 
above set of experiments demonstrates the net effect of primary particle size 
distribution width on the inter-granule heterogeneity and the microstructure. The 
particle size distribution is, therefore, one of the most influential parameters to 
control intra-batch consistency. 
83 
Chapter 5 Effect of Primary Particle Properties on 
Granule Microstructure 
5.3. Composition of Primary Particle Blend 
So far it was demonstrated that the granule porosity can be controlled by 
varying the relative amount of the fine and coarse particles in a given primary 
solid feed and that the porosity can have a strong influence on dissolution, 
depending on the properties of the granule formulation. However, only one type 
of primary particle was present in the granules considered so far. In most 
practical granulation processes, the formulation contains at least two different 
solids - typically an active ingredient and an excipient. The release of an active 
ingredient from multi-component granule formulation during the dissolution is a 
complex problem (Shah and Parrott, 1976; Grijseels and Deblaey, 1981), and 
parameters such as percolation (Luginbühl and Leuenberger, 1994), effective 
surface area of the active component (Neervannan et al., 1994), or the pore 
space tortuosity (Wu et al., 2006) - all of which are known to influence 
dissolution - can depend on composition in a non-trivial way. Therefore in this 
part of the study both computational and experimental tools were employed to 
help understand the underlying relationships between the granule composition 
and dissolution rate. 
5.3.1. Computational Study 
In this section the effect of non-equal individual dissolution rates (due to a 
difference in the component properties: solubility, density, or diffusion coefficient) 
on the release rate of the active ingredient from a granule structure was 
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investigated by means of previously developed computational tools for virtual 
granule formation and dissolution (Stepanek 2004). 
60% 
Figure 5.14: Virtual binary granule with a varying composition of excipient (Cl) 
and active component (C2). The 20 % case represents a structure where C, is 
above its percolation threshold and C2 below; the 40 % case is a characteristic 
bi-continuous structure (both components are above the percolation 
threshold); and the 60 % case is a transition case where the C, component is 
just around its percolation threshold while C2 percolates. 
The granule structure in this case was kept simple - i. e., the case of a random 
mixture of two components with equal particle size and shape was considered. 
The values of solubility, diffusion coefficient and density for component-1 (say 
C, ) were c* = 0.252gcm-3 ,D=0.905 x 
10-5 cm2s-' and p =1.35gcm-3 and for 
component-2 (C2) c* = 0.359gcm-', D=1.99 x 10-5 cm`s-' and p=I. 35gcm-3 
(corresponding approximately to NaCl in water at 25 °C) respectively. 
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Figure 5.15: Dependence of the dissolution time, t9o, on granule 
composition for a granule with porosity of 28%. 
Granules consisting of 500 primary particles (equivalent primary particle 
diameter dp= 901wn , granule diameter 
d8 = 840/on , porosity e=0.28) were 
generated with varying volume fraction of randomly distributed C2 particles, 
ranging from 0 to 1 in 0.1 increments. Three such structures are shown in 
Figure 5.14 for illustration. They represent cases of C2 below the percolation 
threshold, bi-continuous structure, and C, below its percolation threshold. The 
integral dissolution time t9o (time required to dissolve 90% of the volume) of 
components C, and C2 and of the entire granule, as function of composition, is 
plotted in Figure 5.15. The figure shows that the pure-component dissolution 
times are indeed different in this case due to their different physico-chemical 
properties: about 65 s for pure Ci and just over 30 s for pure C2. It also shows 
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that the dissolution of each component is the fastest (limiting case is t9o -+ Os) 
when that component is dilute within a granule composed almost entirely of the 
other component. Due to the relatively high granule porosity in this case 
(e = 0.28, percolating voidage), all primary particles are in contact with the 
liquid phase at all times. When a given component dominates the structure, the 
liquid in the pore space of the granule becomes saturated relatively quickly and 
only primary particles on the outside of the granule can dissolve thanks to the 
external diffusion in the boundary layer. However, isolated particles of the other 
component within the structure can dissolve effectively as if they were isolated 
in the liquid, and therefore their dissolution is very fast. The combination of the 
monotonically increasing t9o for C2 as function of its volume fraction in the 
granule, and the monotonically decreasing t9o for C, gives rise to a minimum in 
the overall dissolution time for the entire granule, as is apparent in Figure 5.15. 
The existence of this minimum is very interesting as it means that although C2 is 
the faster-dissolving component of the two, a granule composed entirely of it is 
not necessarily the fastest-dissolving granule. An even faster dissolution (tgo= 
22 s at the optimum point as opposed to 32 s for the C2-only granule) can be 
achieved by diluting the C2 particles in the granule by another component (C1), 
even if this component on its own is slower-dissolving than C2 (t9O = 65 s for C1- 
only granules). This finding is very significant for product formulation. 
The case discussed above was characterised by the fact that all primary 
particles within the granule structure were in direct contact with the liquid phase 
and had a diffusion path to the granule surface at all times during dissolution 
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thanks to the relatively high porosity. In the second series of computational 
experiments, the fraction of Cz in the granule was again varied from 0 to 1 but 
the porosity was lower, at approximately r: = 0.06 . This was achieved by 
allowing a larger (0.25) inter-particle overlap in the packing algorithm. The 
primary particle size and shape were kept the same as in the previous (large 
porosity) case, hence the number of primary particles required to form the 
granule had to be increased in order to maintain the same granule diameter 
(d, = 84019n). The physico-chemical parameters of components C, and C2 
were also kept the same as in the high-porosity case. 
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Figure 5.16: Dependence of the dissolution time on granule 
composition for a granule with porosity of 6%. 
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The dissolution time t9o as function of C2 fraction in the granule for the low- 
porosity case is plotted in Figure 5.16. Three features are immediately 
noticeable: first, the granule dissolution time of each of the pure components is 
longer in this case due to the lower porosity (larger volume fraction of solids in a 
granule of identical size); second, the granule dissolution time again has a 
minimum as function of composition, and the position of this minimum is 
relatively close to that in the high-porosity case (70 % and 62 % of C2 
respectively). This would suggest that high granule porosity is not a necessary 
condition for the existence of the minimum. Thirdly - and this is the main 
qualitative difference from the high-porosity case - also the individual 
component dissolution times have minima with respect to composition, rather 
than being a monotonically increasing (C2) or decreasing (Ci) function of the C2 
fraction in the granule. The reason for this behaviour is that the 6% porosity is 
non-percolating, and therefore the dominant component always blocks the 
dispersed one. This means that in the limit of C2 -). 0 and C2 _) 1 the 
dissolution times of both components are equal; for example, in the 
case C2 -* 0, although in the high-porosity case the few dispersed particles in 
the granule structure could dissolve almost instantly, now they are blocked by 
the slower-dissolving Ci phase surrounding them. It should also be noted that in 
the case discussed above, the two components did not influence each other's 
solubility or diffusion coefficient; in situations such as dissolution of surfactants 
or polymers in the presence of electrolytes, this is not the case and more 
complicated behaviour can be observed. 
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In the experimental part of this study several multi-component granules were 
prepared with constant binder/solid ratio but varying fraction of NaCl (model 
active component) from 0.01 to 0.99 in the primary Suglets particles, as 
specified in Table 5.1. The NaCl particle size range was the same as that of 
Suglets, i. e. 250-355 pm and it was added as dry blend with primary particles. 
The binder used was PEG applied as in-situ melt binder according to the 
granulation method described in Section 4.2.1. The dissolution curves and the 
dependence of dissolution times on the NaCI mass fraction in the primary 
particle blend are plotted in Figure 5.17 and Figure 5.18 respectively, and the x- 
ray transmission images of the granules are in Figure 5.19. Figure 5.17 also 
contains the dissolution curve of loose NaCl primary particles for comparison. 
The integral dissolution times plotted in Figure 5.18 show that there exists a 
minimum in the dependence of each of the dissolution times on NaCl mass 
fraction. The minima of tso and t9o occur for NaCl fraction of 0.75, while the 
minimum of t10, which is shallower, occurs for NaCl fraction of 0.33. In order to 
confirm that the minima are real, each experiment was carried out in three 
repeats and the error bars (one standard deviation) are plotted on the data 
points in Figure 5.18. The existence of a minimum in the functional dependence 
of dissolution time on composition in a binary granule confirmed the predictions 
of the simulation work as described in the previous section. 
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Table 5.1: Summary of process conditions used for the preparation of different 
granule batches. 
Batch 
code 
Process 
mode 
Primary 
solids (S) 
Binder 
(B) 
B-S 
ratio 
NaCI to 
S ratio 
NaCI size 
range (um) 
NaCl addition 
mode 
in-situ 
SPG-25 melt Suglets PEG 0.11 0.01 250-355 Dry blend 
in-situ 
SPG-26 melt Suglets PEG 0.11 0.33 250-355 Dry blend 
in-situ 
SPG-27 melt Suglets PEG 0.11 0.50 250-355 Dry blend 
in-situ 
SPG-28 melt Suglets PEG 0.11 0.75 250-355 Dry blend 
in-situ 
SPG-29 melt Suglets PEG 0.11 0.99 250-355 Dry blend 
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Figure 5.17: Release curves of NaCI from granules with variable NaCl 
mass fraction, as indicated in the legend. On y-axis is the relative 
concentration of NaCl in the solution. 
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Figure 5.18: Integral dissolution times /,,,, i;,, and (,,,, evaluated from the 
release curves plotted in Figure 5.17. 
The proposed explanation of the phenomenon is that at lower mass fractions of 
the faster-dissolving component (here NaCl) in the granule, its release rate is 
limited by the surrounding slower-dissolving components (here Suglets), while 
for high mass fractions, the dissolution of NaCl particles in the interior of the 
granule is slowed because the water becomes locally saturated by dissolved 
NaCl and the driving force for dissolution becomes zero. This is an interesting 
finding from formulation view point as it means that incorporating small amounts 
of slow-dissolving component into the granular structure which comprised of 
fast-dissolving component could results in even faster dissolution rate. However, 
the fast-dissolving component must remain above its percolation threshold, 
92 
Chapter 5 Effect of Piinnary Particle Properties on 
Granule Microstructure 
otherwise the dissolution rate becomes limited by the slow-dissolving 
component. 
Figure 5.19: X-ray tomography transmission images of 
granules containing a variable mass fraction of NaCl (model 
active component) and Suglets particles. The Suglets particles 
appear as light grey due to their lower density than NaCl, which 
appear as dark. 
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The study of the effect of surface characteristics of the primary particles on the 
resulting granule was carried out (Thielmann et al. 2007). Two types of glass 
beads (Sovitec Cataphote, Belgium) namely AF (hydrophilic) and AF-225 
(hydrophobic) were used as primary particles. The glass beads were spherical 
and practically mono-disperse, with a mean diameter of 110 pm. In each case, a 
batch of 400 g of solids was granulated with a total of 110 ml of 2 wt% aqueous 
HPC added through a top-spray nozzle at a rate of 5 ml/min. Other operating 
conditions were same as described in Section 4.2.2 (Method-1). The surface 
energies of raw materials as well as the product were evaluated by IGC, Inverse 
Gas Chromatography (cf. Section 4.7), which measures the interactions 
between the probe gas and the solid sample (Grimsey et al. 2002). 
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Figure 5.20: Dispersive component of the surface energy of the 
individual feed materials. 
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Figures 5.20 and 5.21 show the dispersive surface energies and the specific 
free energies of desorption of various polar probes for the glass beads of both 
types and the binder. As can be seen, both quantities are higher for the 
hydrophilic AF glass beads. Although the dispersive surface energy of HPC is 
similar to that of AF the specific free energies are rather different. These 
differences for all five polar probes were used as a "fingerprint" to follow 
qualitatively the changes in surface properties as the material was granulated. 
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Figure 5.21: Specific free energies of desorption from the samples 
measure by IGC using five different polar probe molecules as indicated 
in the legend. 
The contact angle of HPC solution on the beads was measured by the capillary 
rise method for the hydrophilic beads, and by droplet shape analysis for the 
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hydrophobic beads (Figure 5.22). In the capillary rise method, the Washburn 
equation was used to evaluate the contact angle, which gave cos 0=1.09 ± 0.12 , 
i. e. we conclude 0= 0" (complete wetting). The contact angle on the 
hydrophobic beads was evaluated 0= 114 ± 6". 
Figure 5.22: A view of 2% HPC droplet stationary on 
a bed of AF-225 (hydrophobic) glass beads. 
The size distribution of granules prepared from the hydrophilic (AF) and 
hydrophobic (AF-225) primary particles is plotted in Figure 5.23. Several 
interesting trends are noticeable: first of all, the fraction of un-granulated primary 
particles is larger in the case of hydrophobic beads. However, the average size 
of the granules (i. e. the mass-mean particle diameter calculated without taking 
into account the un-granulated fines) is larger in the hydrophobic case: 
specifically, dso = 336 pm for AF-225 granules vs. d5o = 275 pm for AF granules. 
This means that although a smaller proportion of the hydrophobic particles 
underwent granulation, those hydrophobic particles that did granulate continued 
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to grow to a larger granule size. This is also demonstrated by the coarse 
fraction in the PSD: while no granules larger than 500 pm were obtained from 
AF beads, that fraction is 11.5 % by mass for the hydrophobic (AF-225) beads. 
This observation means that particles with better wettability by the binder do not 
necessarily show "better" granulation in the sense of achievable particle size 
enlargement. They do, however, granulate "better" in the sense that the fraction 
of un-granulated fines is lower. 
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Figure 5.23: Particle size distribution of granules made of AF 
(hydrophilic) and AF-225 (hydrophobic) primary particles. Note the 
larger fraction of un-granulated fines as well as the larger fraction of 
coarse granules in the case of AF-225 primary particles. 
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The microstructure of granules was analysed by SEM in order to help explain 
this observed difference in growth kinetics and perhaps elucidate the growth 
mechanism as well. The SEM micrographs of AF and AF-225 granules are 
shown in Figure 5.24 and 5.25, respectively. Panel c) in each figure shows a 
detail of the solid HPC binder bridge and the surface of an individual primary 
particle within the granule. A stark difference between the hydrophilic and 
hydrophobic particles is apparent: the volume of the solid bridge is much 
smaller in the former case and the primary particle surface appears to be coated 
with HPC (a closer inspection of Fig. 5.24c reveals individual "splats" 
attributable to small droplet spreading). On the other hand, the hydrophobic 
beads reveal a different surface texture as any deposited liquid binder de-wets 
the surface and tends to be located at the inter-particle contacts. Consequently, 
much more material is available to form solid bridges once the water evaporates, 
as is also clearly seen in Figure 5.25c. An important question is also, how much 
binder remains on the un-granulated primary particles, i. e., are they un- 
granulated because they were never contacted by binder droplets, or for a 
different reason? 
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Figure 5.24: (a) and (b) SEM micrographs of a granule prepared from AF 
(hydrophilic) glass beads. (c) Detail of a solid binder bridge. Notice the circular 
splats on the particle surface, resulting from the complete spreading and drying of 
impacting binder droplets. Consequently less binder is available to form a solid 
bridge. 
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Figure 5.25: (a) and (b) SEM micrographs of a granule prepared from AF - 
225 (hydrophobic) glass beads. (c) Detail of a solid binder bridge. Notice 
that although the total binder/solid ratio was the same as in the hydrophilic 
case, the volume of individual solid bridges in the granulated material is 
much larger and the surface of primary particles does not appear to be 
coated. 
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Figure 5.26: Free energies of desorption from granules made of each type of 
primary particles, measured by IGC using five different polar probe 
molecules as indicated in the legend. The data for HPC are repeated from 
Figure 5.21 for easier comparison. 
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Figure 5.27: The effect of granulation on average surface properties as 
measured by the difference in specific free energy between the sample 
and a chosen material, in this case the HPC binder. 
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An indication on an average sample after granulation (i. e., including both 
granules and fines) is given by IGC measurements. The specific free energies 
obtained from the granules are plotted in Figure 5.26, and the values for HPC 
binder already presented in Figure 5.21 are reproduced as well, to allow direct 
comparison. Notice that the IGC "fingerprint" of AF granules is practically 
identical to that of HPC, which indeed suggests that the surface of all primary 
particles present in the sample - whether within granules or isolated - is coated 
by HPC. The "fingerprint" of AF-225 beads, on the other hand, is shifted towards 
that of HPC to a much lesser extent. In fact, the measured IGC profile of AF-225 
based granules should be a surface area-weighted average of pure AF-225 
particles and pure HPC. The difference in the specific free energies between 
HPC and the particles before and after granulation is plotted in Figure 5.27 to 
further illustrate the coating phenomenon. As can be seen, while the fingerprint 
of AF-225 granules moves slightly towards HPC due to the presence of HPC 
solid bridges in the microstructure, the distance between AF granules and pure 
HPC is almost zero. 
The above discussion is based on the results that were obtained by granulating 
spherical glass beads of different surface characteristics. In order to confirm that 
the above findings are also valid on more realistic systems, mannitol (M4) 
particles were hydrophobised by stearic acid coating according to the method 
described in Section 4.12. The level of coating was maintained such that 0.025g 
of stearic acid was deposited on 1.0 g of mannitol. The treated mannitol powder 
exhibited hydrophobic response as the contact angle between its surface and 
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the pure water was found = 90°. However this hydrophobicity was valid only in 
the initial phase of contact as after some time the droplet of water spread and 
sank in the powder bed as illustrated in Figure 5.28. 
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Figure 5.28: A view of pure water droplets, as indicated by 
black circles, stationary on stearic acid coated mannitol 
particles. The footprints of other droplets, which were sank in 
the powder bed after about 3-4 minutes, are also clearly 
visible. 
The observations shown in Figure 5.28 indicate that the method employed to 
induce hydrophobicity did not produce uniformly coated mannitol particles. It 
seems the powder had some fraction of uncovered hydrophilic sites that 
prevailed over the hydrophobic portion after a passage of time. In the light of 
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these observations it may be stated that the coated powder was not absolutely 
hydrophobic but had a combination of both partial hydrophobic and hydrophilic 
character. The wetting of water on standard (i. e., uncoated) mannitol was 
observed practically instant (i. e, 0< 5') 
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Figure 5.29: The comparison of volume weighted size distributions of 
granules that were produced from coated and uncoated mannitol (M4) 
particles. 
The coated mannitol particles were granulated by Method-3 (Section 4.2.2c) 
using 15 wt% HPC. The size distribution of the resulting granules was 
compared against granules composed of uncoated particles in Figure 5.29. The 
figure shows the net effect of the particle-binder affinity on the size of the 
resulting granules as all other starting particle attributes such as shape, size 
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and density were maintained constant. The surface morphology of both coated 
and uncoated particles should also be similar because of the low level of stearic 
acid (0.025g/g) on mannitol particles. Although in this case the degree of 
hydrophobicity was lower than AF-225 particles, the size profiles reflect the 
same trends that have been demonstrated in Figure 5.23 for fine un-granulated 
particles. The granular batch obtained from coated (partially hydrophobic) 
mannitol particles comprised a relatively large number of un-granulated fines. 
For the chosen system, partial hydrophobicity, however, seems to have no 
appreciable effect on the larger granule fractions. This possibly means, in the 
nuclei formation stage, an appreciable number of particles collisions were 
unsuccessful but those coated particles that did coalesce grew to the same final 
size regardless of their partially hydrophobic character. 
In short the binder-particle affinity does affect the properties of granular product, 
as demonstrated by the above set of experiments. The wetting phenomena that 
take place at the interface of primary particles and liquid binder, profoundly 
influence not only the size distribution of the final granular product but also the 
extent of binder coating on primary particles, the type of binding bridges 
between the particles and consequently the granule microstructure. 
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6.1. Binder Content 
6.1.1. Effect on Porosity 
In this set of experiments, the effect of binder content on granule microstructure 
was investigated. The expected behaviour was that for a fixed shape and size 
distribution of the wettable primary particles, the porosity of a random close 
packed structure of the particles (this would correspond to the limiting case of 
binder-less granules) should decrease linearly as the volume of binder is 
increased, due to increased fraction of the inter-particle void space which would 
be filled by the binder. The measured dependence of granule porosity on the 
volume fraction of (solid) binder in the granule is plotted in Figure 6.1 for both 
Suglet-PEG and mannitol-PVP granules. In these experiments the PEG binder 
particle size was kept in the range of 250-355 pm and the concentration of PVP 
in aqueous solution was maintained at 10,15 and 20 wt% depending on the 
required binder dosage. As can be seen, there is indeed a systematic decrease 
of porosity with increasing binder ratio in both systems, and the trend is 
approximately linear. However it may be noted that the trends shown in the 
figure are primarily due to the fact that the both binder-solid combinations were 
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thermodynamically wettable and the void fraction in the granule may vary non- 
linearly for poor wetting systems. The range of binder ratios that can be realised 
is limited from below by the need for some granulation to occur, and from above 
by the fluidisation behaviour - the bed would de-fluidise if more liquid were 
present. In the case of a melt binder (PEG), a wider range can be realised 
because the volume of the melt is practically equal to that of the solidified binder. 
On the other hand, as PVP is added in the form of an aqueous solution, 
significant volume change occurs upon drying, which means that the range of 
binder fractions on a dry basis is somewhat narrower. 
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Figure 6.1: Experimentally measured and computed dependence of 
granule porosity on binder content for Si-PEG8000 and M1-PVP granules. 
The binder-solid systems are thermodynamically compatible. 
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An extrapolation of the data shown in Figure 6.1 to zero binder content gives an 
indication of the packing density of the primary particles in the granule - this is 
interesting especially in the case of Suglets whose shape is close to spherical 
and so the voidage in the binder-less case can be compared with the known 
value of a random close packing of spheres, which is approximately 36 
(Jaeger and Nagel 1992). Linear extrapolation of the data in Figure 6.1 gives a 
voidage of approximately 38 %, which is indeed very close to the theoretical 
value. It can also be seen in Figure 6.1 that the porosity of mannitol granules is 
larger than that of Suglet granules within the range of binder fractions covered. 
This may be attributed to the irregular shapes of the mannitol primary particles, 
which can be clearly seen in SEM micrograph given in Figure 4.1 b. The shape 
of primary particles plays an important role in granule microstructure 
development as it affects particle packing. 
For comparison with the above set of experiments, simulation results of the 
virtual granules which were generated using the previously developed model 
(Stepanek and Ansari 2005) for the limiting case of asymptotic spreading 
(Z"weý/z 
o, -* 
0) for Suglets granules are also shown in the same figure. As can 
be seen from the quantitative comparison, experimental and computational 
results are quite in good agreement as the slope of the porosity-vs-binder 
content function determined by simulations is practically identical to that of the 
experiments. 
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6.1.2. Effect on Dissolution 
The dissolution curves for mannitol-PVP granules are plotted in Figure 6.2 (cf. 
Figure 6.1 for the corresponding porosity). Although increasing binder levels 
slow down dissolution, the effect of binder in this case does not seem to be as 
strong as the effect of primary particle packing (cf. Section 5.1.2. ). While the 
binder content in the granule has doubled from 3 to 6%, the dissolution half-time 
tso has increased by only 50%, from approximately 200 s to 300 s. This relative 
increase is more in line with the relative decrease in porosity, again confirming 
the hypothesis that in this particular case, porosity alone rather than the 
retarding effect of the binder is the principal factor controlling dissolution. 
Another way to look at the data is to plot a correlation between the dissolution 
half-time tso and the granule porosity. This plot is shown in Figure 6.3. 
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Figure 6.2: Dissolution curves of M, -PVP granules prepared with different 
binder levels as indicated in the legend. On the y-axis is the relative 
concentration of NaCl in the solution. 
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The data related to bimodal primary particle size distributions were taken from 
Figure 5.8 for easier comparison. As can be seen the slopes of the two trend 
lines are approximately the same. This is in line with the hypothesis stated 
above: porosity, rather than the specific effect of primary particle size of binder 
content, is controlling dissolution rate in this particular system. 
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Figure 6.3: Correlation between the dissolution half-time, tso, and granule 
porosity for mannitol-PVP granules where different values of porosity have 
been realised by changing the fine-coarse ratio (M2/M, ) and binder content 
(MI only). 
The dissolution curves of Suglets granules with different binder levels, shown in 
Figure 5.9, were also measured. First, notice that the time-scale of the 
dissolution is much longer than it was for mannitol granules, probably because 
"ý S.. 
ýf 
" 
110 
Chapter 6 Effect of Binder Properties on 
Granule Microstructure 
of the larger Suglets granules and the different intrinsic dissolution rates of the 
formulation components. The fact that the dissolution rate of primary particles is 
practically the same as the dissolution rate of granules, and that several binder 
levels also have practically identical dissolution profiles, indicates that we are 
dealing with a system where the intrinsic dissolution of primary particles is the 
rate-limiting step, and therefore granule porosity has no effect on dissolution 
behaviour. Only for the highest binder level can we see a slight decrease in 
dissolution rate, probably due to the thick coating of PEG on the primary 
particles, which needs to dissolve first and thus retards the on-set of dissolution 
of Suglets. 
6.2. Binder Particle Size 
Now let us investigate the effect of particle size of the in-situ melt binder on the 
size and microstructure of granules (the study on the effect of droplet size of the 
aqueous binder in conventional spray-on granulation is presented in Section 7.1 
as this parameter was classed as process variable). 
Granules were prepared according to the protocol described in Section 4.2.1 
from M, type mannitol particles (cf. Table 4.1) and four particle size ranges 106- 
250,250-355,355-500 and 710-1000 pm (further refered to as S, M, L and XL 
respectively) of PEG binder. The relative size of binder and primary solid 
particles was deliberately chosen such that the binder particles are comparable 
or larger than those of the primary solids. This arrangement is central to the 
formation of hollow-core granules by the immersion and layering growth 
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mechanism, which will be discussed in detail in the following sections. A 
relatively narrow size fraction of mannitol primary particles (M, ) was used in 
order to avoid size segregation and fines entrainment during fluidisation. A 
secondary effect of using a narrow primary particle size range was that the 
primary particle packing in the granule approached the close random packing 
limit, as can be seen on a SEM micrograph of typical granules, shown in Figure 
6.4. 
Figure 6.4: SEM micrograph of several typical mannitol 
granules prepared by in situ melt fluid bed granulation with 
PEG binder. 
6.2.1. Effect on Granule Size Distribution 
The cumulative volume-weighted particle size distribution of the resulting 
granules is plotted in Figure 6.5. As the figure reveals, there is clearly a direct 
correlation between the binder particle size and the resulting granule size. At 
constant binder-to-solid ratio of 0.18g/g, the mean equivalent granule diameter 
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was 445,566,789, and 989 pm in the four cases. The fact that there is such a 
strong correlation between the binder particle size and the resulting granule size 
is indicative of the immersion mechanism, i. e. each binder particle is thought to 
have served as a nucleus for a single granule, and granule growth occurred by 
a gradual build-up of layers of primary solid particles on the surface of the 
nucleus (Schaefer and Mathiesen, 1996). 
A further indication of the layering growth mechanism is provided by the 
number-based granule size distribution, plotted in Figure 6.6. The number 
distributions may be viewed as a mirror image of volume distributions (Figure 
6.6), because the order of the curves is nearly opposite. 
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Figure 6.5: Cumulative volume-weighted granule size distribution as 
function of binder particle size for constant total binder to solids mass ratio 
of 0.18. 
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Figure 6.6: Cumulative number-weighted granule size distribution as 
function of binder particle size for constant total binder to solids mass ratio 
of 0.18. 
In Figure 6.6 we can see that with increasing the mean binder particle size from 
178 pm (S) to 605 pm (XL), the number fraction of un-granulated primary 
particles in the final product is increasing as well, although granules dominate 
the system by volume as was shown in Figure 6.5. Under the layering 
mechanism, a larger binder particle size for a constant binder-to-solids ratio 
means that a smaller number of binder particles are available to serve as nuclei 
for a given number of primary solid particles. Consequently, the number fraction 
of any un-granulated fines remaining in the system should become larger. This 
trend is indeed revealed by Figure 6.6 - as the binder particle size increases 
from S to XL, a shift in the number-based size distribution towards smaller 
values occurs. The distributions are tending toward an asymptotic limit, namely 
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the number distribution of the primary particles alone. Notice also the interesting 
(bi-modal) transition case realised by binder size M. The comparison of volume- 
and number-based distributions of the same samples indicates that a balance 
between the binder particle size, the required granule size and the number ratio 
of binder particles to primary solids would be imperative for process optimisation. 
The effect of binder ratio on the fraction of un-granulated fines will be further 
discussed in Section 6.2.3 below. 
6.2.2. Microstructure Analysis 
Granule internal microstructure was analysed in order to obtain further insight 
into the assumed growth mechanism. The enhanced tomographic images 
showing the horizontal cross-sections at different position within each granule 
are presented in Figure 6.7. Granules in the size range of 500-800 pm were 
chosen from each batch for the purpose of this tomographic analysis. Several 
interesting trends are noticeable: granule structure is quite open and porous 
which is usually the case in fluid-bed granulation. When the binder size was 
comparable with the primary solids (binder size S) there was no marked 
structural difference in the top, middle and bottom slices of each granule. But for 
the granules prepared with relatively coarser binder particles (columns labelled 
M and L), the images unfold the existence of a hollow core inside the granule. 
The volume of these cores appears to be an increasing function of the binder 
particle size. 
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Figure 6.7: Enhanced 2D horizontal X-ray images of mannitol granules prepared 
using three different PEG binder particle sizes as indicated in the column header. 
The top and bottom slices have been selected approximately 150 pm inside the 
granule from the top and bottom end. 
Table 6.1: Comparison of binder particle size with resulting core and granule 
dimensions evaluated from tomography images. 
Binder 
size code 
Binder size 
range (pm) 
Equivalent core 
diameter (pm) 
Maximum core 
diameter (pm) 
Maximum granule 
diameter (pm) 
M 250-355 199 361 999 
M -do- 217 303 832 
M -do- 226 338 823 
L 355-500 326 513 1091 
L -do- 352 455 1073 
L -do- 403 488 1036 
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The core volume of 3 randomly selected granules from batches prepared with M 
and L size binders were evaluated from their three-dimensional tomographic 
images using the best-fit sphere method. These measurements were not 
possible for the batch prepared with the S size binder as no distinctive core was 
observed in the corresponding randomly selected 3 granules. Due to slight 
asphericity of the cores, the criterion of choosing the best sphere was based on 
the solid fraction of <_ 15% within the region of interest (ROI) covered by the 
sphere. The diameter of the covering sphere for each core was recorded. Their 
comparison with the binder particle size ranges is shown in Table 6.1. Due to 
the irregular core shape, the maximum core diameter (Ferret) is also reported in 
the table, as well as the maximum granule diameter measured from the x-ray 
images. The correspondence between the binder particle size, the core 
diameter, and the granule size, as well as the scale of individual variations 
within each group of three granules, is demonstrated by the values reported in 
the table. The key conclusions from the core volume analysis are that (i) both 
core and granule diameters are correlated with the binder particle diameter; (ii) 
the equivalent core diameter is generally smaller than that of the original binder 
particle, probably due to compaction; (iii) based on the three samples in each 
case, the relative spread of core diameters for a given binder particle size 
appears to be larger than that of the final granule. From the statistical point of 
view of course, one has to bear in mind that these conclusions are based on a 
very small sample. Unfortunately, the time-consuming nature of XMT analysis 
using present-day instruments does not permit otherwise. 
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Figure 6.8: Enhanced 2-D horizontal x-ray images of mannitol granules prepared 
using L size (i. e. 355-500 pm) PEG binder. (a) Granules with a single core from 
three size classes; (b) Selected multi-core granules. 
The microstructure analysis was complemented by the x-ray imaging of 
granules prepared from the same, L size, binder but belonging to different size 
classes. The cross-sections of enhanced x-ray micrographs at the mid-point of 
each granule are shown in Figure 6.8. The important finding is that the presence 
of the hollow core was observed in all chosen size classes. One can also notice 
the existence of multi-core structures apparent in some of the larger granules. 
This was perhaps the result of the agglomeration of growing nuclei that were 
originally following the immersion growth mechanism but instead of acquiring 
only primary particles on their surface, they coalesced after collision. 
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6.2.3. Effect of Binder Content 
The effect of binder content on granule porosity and dissolution has already 
been presented in Section 6.1 for granules that do not form a hollow core, using 
both in-situ melt and aqueous binder. In the present section, the effect of binder 
content is discussed in the context of hollow-core granules with a view to 
confirm the supposed immersion and layering granulation mechanism. 
We have seen that granule size can be controlled by the binder particle size for 
a fixed binder-to-solids ratio (Figure 6.5), and that the binder particle size also 
has a strong effect on the number fraction of un-granulated fines (Figure 6.6). 
Let us now investigate the influence of binder content on the granule size 
distribution and the fraction of fines. To this effect, granulation experiments with 
a fixed in-situ melt binder particle size L (i. e., size range of 355-500 pm) and 
four values of the binder-to-solids ratio equal to 0.05,0.11,0.18, and 0.25 g/g 
were performed. The cumulative volume-based size distributions of the resulting 
granules are plotted in Figure 6.9. Several interesting trends are noticeable from 
the figure. First, there is a considerable fraction of un-granulated fines (about 25 
vol. %) for the smallest (0.05 g/g) binder ratio. Clearly the total amount of binder 
in this case was not sufficient to "collect" the primary particles during granule 
growth by layering. As the binder ratio was increased, the volume fraction of un- 
granulated fines dropped down to effectively zero for the largest (0.25 g/g) 
binder ratio. Consequently, the original bi-modal particle size distribution 
became mono-modal, retaining only one inflex point corresponding to the 
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granules while the inflex point corresponding to the primary particles 
disappeared with increasing binder ratio. 
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Figure 6.9: Cumulative volume-weighted size distributions of granules 
prepared using L size binder and four different binder-to-solid ratios, as 
indicated in the legend. 
The second interesting trend revealed by Figure 6.9 is that the size of the 
granules seems to be unaffected by the binder ratio. The volume-weighted 
mean particle size corresponding to the four cases plotted in Figure 6.5 was 692, 
788,789, and 802 pm, for binder ratio of 0.05,0.11,0.18, and 0.25 g/g, 
respectively. These values, however, have been evaluated from the entire PSD, 
i. e. including both granules and un-granulated fines. That is why the case with 
the largest fraction of fines gives the smallest mean particle size. Visually from 
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Figure 6.9 though, it is apparent that the PSD curves are practically identical to 
each other once above the "fines" region. Indeed, when the mean particle size 
is calculated from PSD excluding the un-granulated primary particles (i. e., 
above 250 pm which is the upper limit of the primary particle size range), the 
values become 826,812,807, and 804 pm, respectively. These values then 
reflect the mean granule size, rather than that of a mixture of granules and un- 
granulated fines. Accounting for the experimental error, these four granule sizes 
can be regarded as practically identical (they are contained within ±1.4 % of 
their average). 
In conclusion, it is possible to say from the combination of Figure 6.5 and Figure 
6.9 that in in-situ melt granulation the size of the granules does not depend on 
the amount of binder, only on its particle size. This an important finding from the 
point of view of process control, and it is in stark contrast with "traditional" spray 
granulation where the final granule size generally very strongly depends on the 
binder-to-solids ratio; in fact, the binder ratio is often used as a manipulated 
variable to control the granule size (Cameron et al. 2005) in those cases. 
6.2.4. Theoretical Analysis 
Let us now derive a relationship between the binder particle size and the 
resulting granule size in the ideal case of perfectly mono-disperse feed 
materials and granulation product. Let us assume that granules form by the 
immersion and layering growth mechanism depicted schematically in Figure 
6.10. 
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Figure 6.10: Schematic illustration of a granule formation process when the 
binder particle size is larger than primary solids. 
According to this mechanism, the evidence for which was presented in Sections 
6.2.1 - 6.2.3 above, a single granule is formed from a binder particle by 
sequential deposition of primary solid particle on its molten surface. As the 
binder particle melts, the liquid is drawn by capillary forces to the shell region of 
the growing granule. The shell structure can be viewed as a random packing of 
the primary particles, partially saturated by the liquid binder. If the first layer of 
particles forms a stable arch and does not "implode" once the liquid from the 
core is depleted, a hollow-core granule is formed. The total amount of primary 
particles that can be accommodated in the shell depends on the total volume of 
binder initially available in the core. 
Let us define 
V=Y 
l'Ire 
+V 
, hell (Eq. 6.1) 
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to be the final granule volume. The core volume is related to the binder particle 
volume Vb by 
Vcoro °C vh (Eq. 6.2) 
where cs1 is the core volume compaction ratio. If the first layer of particles 
deposited on the surface of a partially molten binder particle formed a perfect, 
stable arch, then we would have c=1. But in most actual situations one can 
expect the core to shrink somewhat as a result of impacts once the molten 
binder is redistributed by capillary action into the growing shell layer. The shell 
volume can be related to the binder particle volume by 
= 
(Eq. 6.3) Vslterr yb 
rV xera 
where 
Ys, 
shell 6.4) 
yý= (Eq. Vsherr 
is the volume fraction of primary solid particles in the shell, and 
Vb 1-iV 
Xb/s _-V= Xsar 
s, shell 
(Eq. 6.5) 
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is the volumetric binder/solids ratio in the shell, assuming all the binder from the 
core is eventually transported by capillary action into the shell. xp, is the 
relative pore-space saturation by the binder, and it can vary from the theoretical 
maximum of 1 (pores completely saturated by binder) to a minimum value x a; " , 
which corresponds to the minimum binder volume required for the formation of 
inter-particle bridges sufficiently strong to keep the granule together in the wet 
state. Substituting Eqs. 6.2,6.3 and 6.5 into Eq. 6.1, we obtain 
Vg = 
(C 
+ 
x, 
01(1 
VI)) 
vb (Eq. 6.6) 
which is the theoretical relationship between the granule volume and the binder 
particle volume. The equivalent granule diameter, dg, can be calculated from 
the volume as dg =(6Vg/r)y. Assuming the parameters c, yr, and x,,, are 
constant, Eq. 6.6 suggests a linear relationship between the granule size and 
the binder particle size. 
This relationship is plotted in Figure 6.11 for the limiting case of c=1, yr = 0.55 
(loose particle packing), and three values of x, 0, = 
0.2,0.3, and 0.5. For 
comparison the graph also contains experimental data points of the mean 
granule size obtained from the four different binder particle sizes S, M, L, and 
XL (the full granule size distributions were shown in Figure 6.5). As can be seen 
in Figure 6.11, although there is clearly a direct correlation between the binder 
particle size and the granule size, the experimental points do not fall on a single 
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Figure 6.11: Dependence of the mean granule diameter on the mean 
binder particle size predicted by the model (Eq. (6.6)) for c =1 and 
yr = 0.55, shown in the form of iso-saturation lines for three values of xa, 
as indicated in the legend, and compared with experimental data based on 
full distributions from Figure 6.5. 
! so-saturation line. This means that one or more of the three parameters c, yr, 
and x30, must also vary as function of the binder particle size db . We have used 
Eq. 6.6 to carry out a parametric sensitivity study which showed that the core 
compaction ratio c has only a very small effect on the slope of the lines in 
Figure 6.11, whereas both yr and xsa, have a strong influence. Since V is the 
particle packing density in the shell region, there is little physical reason for it to 
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be dependent on the binder particle size - it may be different than the 0.55 
value initially chosen for Figure 6.11, but it should be independent of db. This 
leaves the relative pore-space saturation as the only adjustable parameter. By 
examining the slope (which is <1) of a line that could be formed by the 
experimental data points, it is indeed reasonable to assume that for larger 
binder particles the relative pore saturation of the shell region is somewhat 
higher, as is required to explain the data in Figure 6.11, since more binder is 
available from the core. 
The second relationship of interest is that between the total binder/solids mass 
ratio and the fraction of un-granulated fines. In the derivation we will again 
assume an idealised situation - i. e. that the primary solid particles are either 
part of a granule of volume Vg given by Eq. 6.6, or they are completely un- 
granulated. Let us define the volume fraction of un-granulated fines in the 
product as 
wines =V 
fines 
V 
fines 
+ Vg 
(Eq. 6.7) 
where V fne, is the volume of un-granulated primary solid particles and Vg is the 
granule volume give by Eq. 6.6. VfneJ can be related to the total volume of 
primary solid particles and the binder volume using Eqs. 6.4 and 6.5, i. e., 
Vf. 
- 
Vs. 
t. 1 - 
vs. shel! -" 
Vs, 
lot - ý1 _ yr)zsp, 
Vb (Eq6.8) 
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After substitution of Eq. 6.8 in to Eq. 6.7 and rearrangement, we obtain a 
relationship between the total binder/solids mass ratio and the volume fraction 
of un-granulated fines in the following form 
I- W mb,, o, P, 
x, _ 
01- yi)xsot ms, fo, Pb (Eq. 6.9) fines 
1+ C+ 
1 "b,. P, 
xso, ms, ror Pb 
where p, and Pb are the densities of the primary solids and the binder, mb., 0, 
and m0, are the total mass of binder and solid particles respectively. Notice 
that Eq. 6.9 is a rational function of the binder/solids mass ratio, and that it 
contains the same three a priori unknown parameters as Eq. 6.6, namely c, yr, 
and x01. In Figure 6.12, we plot W,, e$ calculated 
from Eq. 6.9 as function of the 
total binder/solids mass ratio for the case c=1 and yr = 0.55 (same as in 
Figure 6.11) and three values of pore space saturation, je,,, = 0.2,0.3, and 0.4. 
Experimental data for L size binder and four different total binder/solids ratios 
are also shown in Figure 6.12 for comparison (the full volume-weighted 
distributions from which the data points are calculated were shown in Figure 
6.9). Here fines were defined as particles smaller than 350 pm as the binder 
particle size range used for all three experiments was 355-500 pm and no 
mannitol particles could be larger than 350 Nm. 
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Similarly as in Fig. 6.11, we can see that although the theoretical curves 
calculated using Eq. 6.9 predict qualitatively correct trends, no single iso- 
saturation line passes through all the data points. This means that, as was the 
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Figure 6.12: Dependence of the mass fraction of un-granulated fines on 
the total binder to solids mass ratio predicted by the model (Eq. 6.9) for 
c =1 and yr = 0.55, shown in the form of ! so-saturation lines for three 
values of x o, 
indicated in the legend, and compared with experimental 
data based on full distribution from Figure 6.9. 
case with Eq. 6.6, we must allow for x30, to be variable and dependent on the 
binder to solids mass ratio, mb, O, 
/m,,, 
o, . 
Parametric sensitivity with respect to c 
was again very low, while yr was found to have an effect on the shape of the 
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curves and could therefore be used as an additional adjustable parameter - but 
again there is no physical reason for yr to be variable as function of 
mb., o, 
/m,., 
O, . 
As can be seen in Figure 6.12, in order to explain the experimental 
data the pore-space saturation xsp, must increase with increasing binder/solids 
ratio. This may well be the case; as more binder is available, a higher proportion 
of the inter-particle pore-space within the granule shell can be filled by the 
binder. 
6.2.5. Granule with Custom Size Distribution 
Let us demonstrate how the direct dependence of mean granule size on the 
binder particle size, discussed above, can be used for the production of 
granules with a priori specified size distribution. Granules were prepared 
according to the protocol described in Section 4.2.1, with a constant 
binder/solids mass ratio of 0.18 but using a binary mixture of S and XL size 
binder particles instead of only one size. The proportion of S-size binder 
particles in the mixture was systematically varied from 0 to 1. Whenever both 
binder sizes were present, the resulting granules had a characteristic bi-modal 
size distribution, an example of which is shown in Figure 6.13 for two S: XL 
ratios. The minimum between the two modes was around 800 pm in all cases, 
and the maxima corresponding to S- and XL-seeded granules were on average 
at 410 and 1050 pm, respectively. Notice that these values are very close to 
data presented in Figure 6.5, where the volume-mean granule diameters of 445 
and 989 pm were obtained for granules prepared from pure S and XL binder 
particles, respectively, and the same total binder/solids ratio. 
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This result suggests that the growth processes on the S and XL seeds occur in 
parallel and are essentially independent from each other, which means that the 
resulting bi-modal size distribution should be simply a linear combination of the 
mono-modal distributions for S and XL seeds. In order to confirm this 
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Figure 6.13: Bi-modal size distribution of granules produced by using a 
mixture of PEG binder particles from two size ranges, S (106-250 pm) and 
XL (500-710 pm), mixed in a 2: 1 and a 1: 2 ratio by mass as indicated in 
the legend. The overall binder/solids ratio was 0.18 in both cases. 
hypothesis, the cumulative volume fraction of granules smaller than 800 pm (the 
minimum separating the two modes) was evaluated from all experiments with 
variable S: XL ratio and plotted against the mass fraction of S-size particles in 
the binder mix. This plot is shown in Figure 6.14; for comparison, the line 
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denoting direct proportionality is drawn in the graph along with the experimental 
data points. One can see that indeed the fraction of granules belonging to the 
smaller mode is directly proportional to the mass fraction of the smaller particles 
in the binder mix. From this we can conclude that by using the in situ melt fluid 
bed granulation method described in this work (and possibly other granulation 
methods where large binder particles or droplets are used as seeds), it is 
possible to prepare granules with "designed" size distribution, just by mixing 
binder particles of the appropriate size in the required ratio. 
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Figure 6.14: Volume fraction of granules smaller than 800 pm evaluated 
from bimodal size distributions realised by changing the proportion of S- 
size binder particle in the binder mix (S and XL). The over all binder/solids 
ratio was 0.18 in all cases. Triangles are experimental data points, the 
dashed line has a slope of 100. 
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6.2.6. Generalisation of hollow core granule formation 
The size ratio of binder to primary solid particles, necessary to form hollow core 
granules was investigated also for other primary particles in order to determine 
whether this phenomenon (hollow core formation) was formulation independent. 
Therefore Suglets (Si) particles were granulated using solid PEG particles as 
in-situ melt binder using a granulation protocol otherwise identical to that 
described above (cf. Section 4.2.1). Indeed the core formation phenomenon 
was observed in Suglets-PEG granules as illustrated in Figures 6.15 and 6.16, 
which confirm the generic nature of the growth mechanisms discussed in 
Section 6.2. 
Figure 6.15: An optical image of a Suglets-PEG granule. The granule 
was dissected in order to inspect the internal structure. 
The existence of hollow core can be clearly seen in an optical image (Figure 
6.15) of a dissected Suglets based granule which was produced with L type 
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(500-710 pm) PEG binder. Figure 6.16 shows images of Suglet-PEG granules 
acquired from NIR Chemical Imaging (for method, please refer to Section 
4.13.3). The internal surface of the granules was analysed by cutting the granule 
into two. The granulation method described in Section 4.2.1 was followed but in 
this particular case the granulation time was shortened by 70s. This modified 
method resulted in an entrapment of a significant amount of PEG which can be 
seen as red pixels inside the blue Suglets shell. The position of PEG particles 
inside the granule re-confirm the particle growth model based on immersion and 
layering mechanism and has been presented in Figure 6.10. 
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Figure 6.16: NIR based PLS score image of the dissected suglets-PEG 
granules showing the abundance areas of PEG as red pixels. 
Thus the method of introducing binder as discreet particles with primary solids 
offers great process flexibility and guided us for devising a novel technique that 
allows controlling the spatial distribution of the component of interest in the 
granule structure (cf. Chapter 8). 
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6.3. Binder Viscosity 
Effect of Binder Properties on 
Granule Microstructure 
The effect of binder viscosity on Suglet granule porosity was investigated by 
using PEGs of different molecular weights (as listed in Table 4.3) while keeping 
all other parameters constant. The measured dependence of granule porosity 
on binder viscosity is shown in Figure 6.17. 
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Figure 6.17: Influence of PEG binder viscosity on granule porosity for 
S, particles (the binder content was 10% by volume in all cases). 
As the binder content was constant in all cases, the total porosity was not 
expected to significantly change with binder viscosity, unless the characteristic 
time of binder solidification was shorter or comparable to the characteristic time 
of binder spreading, as predicted by Stepanek and Ansari (2005). The data 
shown in the figure suggest that this is not the case and we are in a regime of 
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much shorter spreading time compared to solidification time, thus the porosity is 
practically independent of viscosity. However variation in binder viscosity (or 
molecular weight) does affect the final granule dissolution as demonstrated in 
Section 8.2.4 below. 
In mannitol granulation, the change of binder fraction discussed in the previous 
section (cf. Section 6.1) was realised by increasing the concentration (hence 
viscosity) of the aqueous solution of PVP while keeping the volume of the dosed 
liquid constant. The effect of binder viscosity on porosity, if any, is therefore 
convoluted with the effect of binder content. However, by carefully inspecting 
the M, -PVP data presented in Figure 6.1, one can observe that the decrease in 
porosity when binder content was increased from 4.5 to 6.0 vol% was larger 
than from 3.0 to 4.5 vol%. As the operating conditions - specifically the rate of 
drying - were kept constant, this difference could be attributed to the net effect 
of binder viscosity. 
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EFFECT OF SPRAY CHARACTERISTICS ON 
GRANULE PROPERTIES 
7.1. Effect of Binder Droplet Size 
It has been shown in Section 6.2 that the size of binder particles used for in-situ 
melt granulation affects both the granule size and the fraction of un-granulated 
fines. The analogy of binder particle size (which is a raw-material parameter in 
melt granulation) in spray granulation is the droplet size, which is controlled by 
the atomising air pressure and hence is regarded as a process-related 
parameter. In the following study, the effect of binder droplet size on granule 
characteristics is investigated. Mannitol (M4) particles were granulated 
according to the protocol described in Section 4.2.2 (Method-3) using 15 wt% 
aqueous HPC binder. In all batches, the total binder to solid ratio was 
maintained at 0.05 g/g on dry basis. The binder addition rate was fixed at 5 
ml/min but its droplet size was systematically varied by adjusting the gas (air) 
pressure in the dual-fluid nozzle. The cumulative volume-weighted particle size 
distributions of resulting granules are shown in Figure 7.1. The bracketed values 
in the legend represent corresponding size ratio of volume mean binder droplet- 
to-primary particles. The actual droplet dimensions and the corresponding 
volume mean granule size are given in Table 7.1. 
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Figure 7.1: Cumulative volume-weighted granule size distribution as 
function of binder droplet size for constant total binder to solids mass ratio 
of 0.05 on dry basis. The corresponding batch codes and volume mean 
droplet to primary particle size ratios are shown in the legend. 
Table 7.1: Operating conditions and resulting granule size. 
Batch 
Code 
Binder spray 
rate (ml/min) 
Volume mean 
droplet size (pm) 
Volume mean 
granule size (pm) 
MHC51 5 254.9 1003 
MHC52 5 162.1 893 
MHC53 5 104.7 811 
MHC54 5 70.1 782 
MHC55 10 162.22 1001 
MHC56 15 168.44 1009 
As it can be seen in the figure the size distribution shifted towards smaller 
diameters as the droplet size decreased, thus indicating a relationship between 
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the droplet size and the resulting granule size. The volume mean equivalent 
diameter of granule was found 1003,893,811 and 782 pm for droplet-to-particle 
size ratios of 1.65,1.05,0.68 and 0.45 respectively. The linear correlation 
between the binder droplet size and the resulting granule size is in-line with 
similar study conducted with in-situ melt binder (Section 6.2). That means 
immersion growth in which each binder droplet acts as a nucleus for a single 
granule and further build up by layering of primary solids on nucleus (Scharfer 
and Mathiesen, 1996) is the likely mechanism for coarse droplets. On the other 
hand granule growth from fine droplets means that on average each primary 
particle is contacted by several drops; this promotes coating and the granules 
are formed by a succession of collisions between binder-wet primary particles. 
SEM micrographs of granules produced from varying droplet to primary particle 
size ratios are shown in Figure 7.2 and support this hypothesis. Figure 7.2a 
shows typical granule prepared from binder droplet-to-particle size ratio of 1.65. 
Magnified view of the same granule (Figure 7.2b) is showing details of a binder 
bridge connecting relatively rough, uncoated mannitol primary particles. In 
comparison, granule prepared from the size ratio of 0.45 comprised of mannitol 
particles with relatively smooth surfaces (Figure 7.2c and 7.2d) and therefore 
clearly indicating coating preponderance mainly due to smaller binder droplets. 
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The extent of coating on granular particles gives significant implications in 
applications where granule performs their function in solutions (e. g., detergents 
and instant foods). Less coating means more binder on particle coordination 
points and therefore stronger binder bridge definitions and possibly a higher 
fraction of closed pores. In these situations the dissolution from the granule 
external surface could be fast but the dissolution medium may take some time 
to reach the internal structure, hence dissolution by shrinking core mechanism 
is more probable. Granules with binder-covered primary particles means narrow 
bonding bridge definitions and therefore open structure. Here the internal 
structure of the granule is likely to be accessible by dissolution medium. 
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Figure 7.2: SEM micrograph of mannitol-HPC granules. (a) I ypical granule from 
the batch MHC51, (b) details of a binder bridge joining relatively rough uncoated 
particles. (c) Typical granule from the batch MHC54 and (d) details of a binder 
bridge with relatively smooth and coated particle surface. 
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However the binder cover needs to dissolved first by the solvent before it 
reaches the primary particles. Here the dissolution by granule disintegration is 
more likely and the type and thickness of the binder cover on primary solids 
may be considered as the rate limiting factors. The effect of binder intrinsic 
dissolution on the release behaviour of multi-component (Suglets-PEG-NaCI) 
granules is given in Section 8.2.5. 
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Figure 7.3: Cumulative number-weighted granule size distribution as 
function of binder droplet size for constant total binder to solids mass ratio 
of 0.05 on dry basis. The corresponding batch codes and volume mean 
droplet to primary particle size ratios are shown in the legend. 
Another way to look at the size distributions is by plotting them as number 
based profiles as shown in Figure 7.3. As far as un-granulated fines are 
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concerned the number based size distributions show similar trends that have 
been observed in the case of PEG melt-in binder (cf. Section 6.2.1, Figure 6.6). 
From the figure, there appears to be an inverse relation between the droplet 
size and the amount of fines in the granule batch. This means for the chosen 
system, smaller (but more number of) droplets at a given binder flow rate at one 
hand tend to engage more number of particles in granulation but on the other 
hand they limit the achievable granule size. One of the explanations for this 
observation is that: the smaller droplets, at a constant volumetric flow, wet more 
number of particles and increase the probability for particle coalescence; 
however smaller droplets also mean primary solids with comparatively thin layer 
of liquid which may not be capable to dissipate enough kinetic energy to cause 
aggregation between larger growing granules and nuclei with high inertia. 
Table 7.2: Number of droplets and primary particles involved in the processes. 
Note the "A/B" ratio is more applicable during the initial phase of the granulation 
process as the number of primary particles subsequently decreases due to 
granule formation. 
Batch Binder Mean droplet Droplets Total 
code flow size (A) particles (B) Al B 
(ml/min) (Nm) (no. /min) (no. ) ( droplets 11 
-) l particles min 
MHC51 5 254.9 5.82E+05 6.77E+07 0.01 
MHC52 5 162.1 2.24E+06 6.77E+07 0.03 
MHC53 5 104.7 8.32E+06 6.77E+07 0.12 
MHC54 5 70.1 2.77E+07 6.77E+07 0.41 
MHC55 10 162.2 4.47E+06 6.77E+07 0.07 
MHC56 15 168.4 5.99E+06 6.77E+07 0.09 
The number data for binder droplets and primary particles involved in the 
process support the aforementioned hypothesis. The data, calculated using the 
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mean volume diameters of the binder droplets and the primary particles, are 
shown in Table 7.2. As it can be seen in the table the number ratio of droplets- 
to-particles was smaller for larger droplets. For example the ratio of 0.01 for 
batch MHC51 means a strong competition among the particles to collect limited 
number of binder droplets available in the process, while the ratio of 0.41 for 
batch MHC54 ensures a significantly higher supply of droplets to particles. 
It may be noted that in comparison with similar experiments that were 
conducted with PEG as in-situ melt binder (cf. Section 6.2), the separation 
among the size distribution curves (cf. Figures 7.1 and 7.3) is smaller. This is 
because the maximum droplet size was limited to 254.9 pm (cf. Table 7.1) and 
is dictated by the nozzle design used in the experiments, compared to 802.5 pm 
PEG melt-in binder particle. But by droplet freezing method, as demonstrated in 
Section 8.2.2, it is possible to achieve larger droplets, hence larger granules 
and intra-granule hollow core. 
7.2. Effect of Solution Binder Spray Rate 
In the previous section we have seen how the binder droplet size affects 
granule size distribution. During granulation process scale-up, the binder spray- 
on rate is often varied simultaneously with the droplet size. In order to 
understand the effect this would have on the granule properties, an independent 
study of spray-on rate with constant mean droplet size was carried out. The 
effect on granule size distribution by varying binder addition rate at 5,10 and 15 
ml/min is illustrated in Figure 7.4. The atomisation air pressure was adjusted in 
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each case in order to maintain a constant mean droplet size (cf. Table 7.1) and 
therefore carry out a truly single-parameter investigation. 
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Figure 7.4: Cumulative volume-weighted granule size distribution as 
function of binder addition rate for constant binder to solids mass ratio of 
0.05 on dry basis. The corresponding batch codes and binder dosing rates 
are shown in the legend. 
As it can be seen in the profiles there is no marked difference in the distributions 
except the one at 5 ml/min. Since all other parameters, including droplet size, 
were kept constant, the most likely explanation for this observed difference is 
the different balance between spray-on and drying (evaporation) rate of the 
binder. Binder evaporation takes place in two stages: (i) evaporation from free 
droplets before they contact any particles in the fluid bed, and (ii) evaporation 
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from binder which is already present on the surface of primary particles or within 
granules. Evaporation in the first stage would result in the reduction of the 
effective size of the droplets before they hit the primary particles and therefore 
lower the resulting granule size in the same way as was seen in the previous 
section. However calculations, by taking into account the processing conditions 
(cf. Section 4.2.2, Method-3) in which temperature of the bed was maintained at 
25 °C during the binder addition, show negligible effect on the droplet size at the 
likely time scales (-fraction of second) during which the drops leave the nozzle 
tip and hit the fluidising particles. Table 7.3 shows an estimate of the droplet 
size reduction that could occur during the fluid-bed granulation process. An 
algorithm for the calculation of droplet size as a function of time is given in 
Appendix III. 
Table 7.3: Change in droplet size as a function of time in fluid-bed granulation 
process (calculation method is given in Appendix III). 
Time 
(s) 
Volume 
Evaporated 
(m3) 
Droplet 
Volume 
(m3) 
Droplet dia. 
(m) 
Droplet dia. 
reduction 
% 
0.0 - 2.229E-12 1.621 E-04 0.00 
0.1 3.880E-15 2.226E-12 1.620E-04 0.04 
0.3 1.164E-14 2.218E-12 1.618E-04 0.16 
0.5 1.940E-14 2.211E-12 1.617E-04 0.28 
0.7 2.716E-14 2.203E-12 1.615E-04 0.39 
0.9 3.492E-14 2.195E-12 1.613E-04 0.51 
1.0 3.880E-14 2.191E-12 1.612E-04 0.57 
1.5 5.820E-14 2.172E-12 1.607E-04 0.86 
2.0 7.760E-14 2.152E-12 1.602E-04 1.16 
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Figure 7.5: Cumulative number-weighted granule size distribution as 
function of binder addition rate for constant binder to solids mass ratio of 
0.05 on dry basis. The corresponding batch codes and binder dosing rates 
are shown in the legend. 
Therefore the evaporation in the second stage - i. e. frone binder already present 
on primary particles and in granules - must be responsible. Evaporation at this 
stage has two effects: a change in the local viscosity of the binder due to 
changed local concentration, and a change of the fractional coverage of primary 
particles and granule surface due to changing volume of binder. These two 
trends go against each other: faster spray-on rate for constant drying rate 
means larger fractional surface coverage, but at the same time the binder 
viscosity is lower. The net effect may therefore be either and increase or a 
decrease in granule size, or they may indeed just cancel each other out. In 
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order to get additional insight into which of these phenomena dominated in our 
case, the granule size distributions obtained by varying the binder spray rate 
were plotted as number based profiles as presented in Figure 7.5. The figure 
reveals an interesting trend showing an increase in the number of un-granulated 
particles with increasing binder addition rate. Since the estimated particle bed 
turnover frequency was in the order of -1.0 Hz (for calculation method please 
refers to Schaafsma et al. 1999) therefore non uniform wetting of the fluidised 
bed at higher flow rates of binder is unlikely to be the reason for large amount of 
un-granulated particles in the batch. This is quite interesting and it points to the 
direction of binder viscosity rather than binder coverage or binder segregation in 
the particulate mass being the more significant factor. The only way to explain 
the larger fraction of un-granulated fines, therefore, is that the binder is not 
viscous enough (its local concentration did not increase sufficiently due to 
evaporation), and so the rate of primary particle coalescence was lower. Similar 
observations were also made by Rajniak et al. (2007). 
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EFFECT OF INGREDIENT ADDITION MODE ON 
GRANULE MICROSTRUCTURE 
In the granule structure investigated so far, all formulation ingredients were 
distributed randomly throughout the granule, and no attempt was made to 
control the radial composition profiles of the granules. However, in applications 
such as controlled-release pharmaceuticals, but also more traditional 
applications of granular products such as detergents, end-use behaviour of the 
product could be enhanced by achieving preferential or delayed release of 
some components from the granule. Therefore, the objective of the work 
presented in this chapter was to investigate means by which the spatial 
distribution of formulation components in a granule - and therefore their release 
rate during dissolution - can be controlled. 
8.1. Background Computational Simulations 
Let us first investigate the relationship between granule structure and its 
dissolution rate for a model two-component system (solids C, and C2) without 
binder using the computational models developed by Stepanek (2004) and 
Stepanek and Ansari (2005). For a fixed composition, the distribution of an 
active ingredient (be it C2) within the granule can be varied in two modes, as 
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illustrated in Figure 8.1. In cases a)-c) the particle size of the active is changing, 
but the distribution of the particles within the granule is random and spatially 
uniform - the structures are isotropic. On the other hand, in cases d)-f) the 
particle size remains the same but the radial distribution of the active within the 
granule is changing - the structures are layered. 
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Figure 8.1: Possible distribution of an active ingredient within a granule. Cases 
a-c show random dispersions of normal, milled and pre-agglomerated 
particles of the active. Cases d-f show the active located in the shell, in an 
intermediate layer and in the core of the granule. 
Three-dimensional granule structures composed of a binary mixture of C, and 
C2 particles were generated in analogy of the structures shown in Figure 8.1. In 
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the first series of structures, the composition was kept constant at 50 % by 
volume of C2 and the only variable parameters were primary particle size of C2 
and its distribution within the granule. The values of solubility, diffusion 
coefficient, and density were c* = 0.252 gcm-3, D=0.905 x 10-5 cm2s-1, and p= 
1.35 gcm-3, respectively, for both components in order to investigate the pure 
effect of granule structure on dissolution. The default primary particle diameter 
was dp = 90 pm with dimensionless surface roughness amplitude and 
correlation length (for definitions please refer Stepanek and Rajniak 2006) or a 
= 0.33 and L=0.17, respectively. Granules containing 500 primary particles 
have been generated, the equivalent diameter of the resulting granules was dg 
= 840 pm and their porosity e=0.28 in all cases. The structures are shown in 
Fig. 8.2 a) to f). 
Case a) is the default case -a random mixture of equal-size primary particles. 
Cases b) and c) have the same composition by volume as case a), that is 50 % 
of C2, but were realised from C2 particles having a smaller (dP = 60 pm) and 
larger (dP = 120 pm) diameter than in the base case, respectively. The number 
of particles was adjusted in these cases in order to maintain the volume fraction 
of the C2 component at 50 %. In cases d), e), and f) the primary particle 
diameters are back to the default value but the order of addition of the C, and 
C2 primary particles was varied. Granule in case d) was formed by first adding 
250 C, primary particles and then 250 C2 particles (the active is in the shell). In 
case e) the order of addition was 50 C, followed by 250 C2 and finally the 
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remaining 200 C1. Case f) is similar to case d), only the roles of C, and C2 have 
been switched (active in the core). 
, -Al 
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f' 
rý 
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Figure 8.2: Virtual granules formed by computer simulations and mimicking 
the model structures from Figure 8.1. The composition of the granule is 50% 
of each of the two solid components on a volume basis. 
Dissolution simulations of granule structures from Fig. 8.2 a)-f) have then been 
carried out. Their results are summarized in Figures 8.3 and 8.4. In Figure 8.3 
the fraction of C2 in the remaining undissolved granule is plotted as function of 
elapsed time during dissolution. It therefore gives an indication of the qualitative 
and quantitative difference in the release dynamics of component C2 in the 
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Figure 8.3: Relative volume fraction of component C2 (the active) in a 
granule during dissolution. The labels at the curves denote the 
corresponding structure from Figure 8.2. Curves below the 50% 
baseline mean that the active is preferentially released from the granule 
and vice versa. 
various cases. In case a) the composition remains at 50 % of C2 throughout the 
dissolution due to the random dispersion of the C2 component within the 
granule. The small deviation from the 50 % baseline in the final stages of 
dissolution is simply due to the discrete nature of the granule - the few particles 
in the centre happen to be slightly outnumbered in favour of Cz. Looking at case 
b) we can see that when the particles of the C2 component are smaller than in 
the default case, they tend to dissolve faster (presumably due to the larger 
specific surface area) and consequently the remaining granule has less than 50 
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of C2. On the other hand, as the curve for case c) shows, when the C2 
particles are comparatively larger their dissolution rate is slower, the granule 
becomes enriched by that component and the curve is above the 50 % 
baseline. Figure 8.3 further shows that the core-shell structures have an even 
stronger influence on the release profile of the active than particle size. 
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Figure 8.4: Integral characteristics (dissolution times /,,,, it and 
evaluated from the computational dissolution of structures shown in Figure 
8.2. 
In case d) when the C2 component is in the shell, its release is rapid and its 
fraction in the remaining granule drops sharply. On the other hand - case f) - 
when the active component is in the core, its release is delayed and the granule 
becomes rapidly enriched by Cz. The intermediate, layered case e) shows a 
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combination of the above trends, which a characteristic maximum clearly 
apparent on the residual composition curve. The integral characteristics, i. e. the 
dissolution times t10, ts0 and t9ofor the C2 component and all the six cases are 
plotted in Figure 8.4. This graph confirms the trends observed on the 
composition curves in Figure 8.3, that clearly the distribution of the active 
component within the granule has a strong effect on the release profile. The 
core-shell structures in particular seem to be very effective in controlling the 
release times - the tgo - is more than twice in case 0 (C2 in core) than in case d) 
(C2 in shell). 
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Table 8.1: Summary of process conditions used for the preparation of different 
granule batches. 
Batch 
Process Primary 
Mode solids (S) 
Binder 
(B) 
B-S NaCI to NaCI size 
Ratio S ratio range (pm) 
NaCI Addition Mode 
SPG-07 in-situ melt Suglets PEG-6K 0.11 0.06 75 - 212 Dispersed within PEG binder 
As dry particles mixed with 
SPG-08 in-situ melt Suglets PEG-6K 0.11 0.06 75 - 212 Suglets 
SPG-09 in-situ melt Suglets PEG-6K 0.11 0.06 250 - 355 Dispersed within PEG binder 
SPG-11 in-situ melt Suglets PEG-6K 0.11 0.03 < 32 Dispersed within PEG binder 
SPG-20 in-situ melt Suglets PEG-6K 0.11 0.06 32 - 63 Dispersed within PEG binder 
SPG-21 in-situ melt Suglets PEG-6K 0.11 0.06 63 - 75 Dispersed within PEG binder 
SPG-22 in-situ melt Suglets PEG-10K 0.11 0.06 75 - 212 Dispersed within PEG binder 
SPG-23 in-situ melt Suglets PEG-20K 0.11 0.06 75 - 212 Dispersed within PEG binder 
SPG-30 in-situ melt Suglets PEG 0.11 0.06 75 -125 Dispersed within PEG binder 
SPG-31 in-situ melt Suglets PEG 0.11 0.06 125 - 180 Dispersed within PEG binder 
SPG-32 in-situ melt Suglets PEG 0.11 0.06 180 - 212 Dispersed within PEG binder 
As dry particles mixed with 
SPG-50 in-situ melt Suglets PEG 0.15 0.06 75 - 212 preformed Suglets granules 
Aqueous As dry particles mixed with 
MHC-01 spray Mannitol HPC 0.02 0.05 75 - 212 mannitol 
Aqueous As aqueous solution with 
MHC-02 spray Mannitol HPC 0.02 0.02 N/A HPC binder 
8.2.1. Granule Structures Based on In-situ Melt Binder 
Batches of granules containing NaCl as a model "active" and consisting of 
Suglet and PEG, as primary particles and in-situ melt binder respectively, were 
prepared according to the protocol described in Section 4.2.1 and summarized 
in Table 8.1. The X-ray shadow images of granules randomly selected from 
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batches SPG-07, SPG-08, SPG-09, SPG-11 and SPG-50 and their 
corresponding reconstructed mid cross-sections are presented in Figure 8.5. 
Figure 8.5: X-ray tomography images of NaCI-Suglets-PEG and NaCI-Mannitol- 
HPC granules (please refer to Table 8.1 for details of granulation conditions. In 
each case, the left column shows a transmission image the right column a 
horizontal cross-section of the granule after beam reconstruction. The dark areas 
are NaCl Darticles. 
These images clearly show a strong influence of the method of active 
component addition, especially when pre-dispersed in the in-situ melt binder (cf. 
Section 4.3), on granule microstructure. The NaCl crystals appear in the X-ray 
images as dark pixels due to their higher density (hence, X-ray attenuation 
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coefficient), and are easily distinguishable within the light-grey structure of the 
granule. 
It was shown in Section 6.2 that in in-situ melt granulation, when the binder 
particle size was relatively coarser than the primary solids, the particle build-up 
process follows the immersion and layering mechanism and hollow core 
granules are formed. According to this mechanism, a binder particle serves as a 
nucleus for a single granule and the growth occurs by a gradual build-up of 
primary solids on the surface of the nucleus. As the binder particle melts, the 
liquid is drawn by capillary forces into the upper granular structure and thus 
develops a hollow core. Granule batches SPG-07, SPG-09 and SPG-11 were 
prepared using this approach. A pictorial illustration of this mechanism is given 
in Figure 8.6. 
0 öö0©- ý® -º ýý + 
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Particles dispersed in melt / frozen Further build-up 
binder and capillary 
flow 
Encapsulated Hollow 
Core Granule 
Figure 8.6: Schematic illustration of encapsulated granule formation process. 
t 
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For batch SPG-08, which was prepared by granulation of a mixture of NaCl and 
Suglet particles, it can be seen that the spatial distribution of NaCl within the 
granule structure was random. The images of batch SPG-11 also show the 
spread of fine NaCl particles throughout the granule, but in this case they 
generally positioned themselves between the co-ordination points of the primary 
solids, along with the PEG binder. 
The images of SPG-50 suggest a structure with dispersed NaCl particles which 
are bonded on the granule external surface. This type of granule can therefore 
be taken as an analogy of the layered structure shown in Figure 8.1-d. This 
batch was produced by fluidising and heating the preformed Suglets-PEG 
granules with smaller PEG particles (150-250 pm). The smaller size PEGs, in 
relation to larger Suglets granules (>1000 pm), promoted coating at 
temperatures higher than its melting point. The PEG coated granules were then 
cooled down, mixed with NaCl particles (size range 75-212 pm) in the desired 
proportion and re-fluidised. Upon raising the process temperature above the 
PEG softening point, the coated Suglets granules collected NaCl particles on its 
surface and hence formed an outer active layer as shown in the figure. This 
method ensured that essentially all of the newly added NaCl particles became 
part of the granules, but at the same time granule-granule coalescence was 
avoided. 
In contrast to SPG-50, NaCl crystals in the granules belonging to batches SPG- 
07 and SPG-09 restricted themselves to the middle section as a core - these 
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structures may therefore be called encapsulated granules. The main factor 
affecting the spatial distribution of NaCl particles in SPG-07, SPG-09 and SPG- 
11 was their size relative to the Suglet particle size. When the size of NaCl 
crystals, in solid solution with PEG, was less than 32 pm (SPG-1 1), it was 
uniformly transported by molten binder through the inter-particle pores to all 
over the granule structure. On the other hand, the advancement of the NaCl 
particles seems to be limited within the core section when its size in solid 
solution was comparable with primary solids (batch SPG-07 and SPG-09). 
Batch SPG-09 granules represent the case where the active (size range 250- 
355 pm) did not flow with the binder along the pores at all. 
Thus the method of addition of actives or any other component as solid 
dispersion in an in-situ melt binder represents an effective way to control its 
positioning within the granule matrix and in this novel technique the size ratio of 
active-ingredient particles to primary solids appears to be an important variable. 
The significance of this variable was therefore studied in detail by conducting 
another set of experiments in which more batches namely SPG-20, SPG-21, 
SPG-30, SPG-31 and SPG-32 were prepared by systematically varying NaCI 
particle size 32-63 pm, 63-75 pm, 75-125 pm, 125-180 pm and 180-212 pm 
respectively (cf. also Table 8.1 for a full set of parameters). X-ray images of 
these batches are shown in Figure 8.7. In this figure, an image of SPG-09 is 
again shown for comparison. A more or less uniform distribution of NaCl 
throughout the granular structure can be seen in the figure for smaller NaCl 
sizes i. e., 32-63 pm (SPG-20) and 63-75 pm (SPG-21). The spread of NaCl 
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particles became gradually limited to around the central part of the granules for 
NaCl particles larger than 75 pm (SPG-30, SPG-31, SPG-32 and SPG-09). 
SPG-21 
±IýN 0 
,iIw 
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..: 
SPG-32 SPG-09 
Figure 8.7: X-ray tomography transmission images and horizontal cross sections 
through 3D reconstructed images (middle column) of granules with variable NaCl 
primary particle size and constant composition as in Table 8.1. 
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Eventually a fully compact active core was observed in SPG-09 where the NaCl 
size (250-355 pm) was equal to that of Suglets particles. In the chosen system 
the NaCl particle size 75 pm appears to be the critical one, as once its size 
exceed this limit the particles cannot freely pass thorough the voids between 
Suglets particles and therefore remain trapped in the granule core, at the 
location of the original molten PEG nucleus which contained them. 
In order to predict the required size ratio, at which the component of interest can 
pass through the inter-particle pores, the following expression (Equation 8.1) 
was developed for mono-dispersed, non overlapped circular solid particles 
packed together in triangular and square geometrical formations as shown in 
Figure 8.8. 
hl 
Figure 8.8: (a) Triangular and (b) square arrangements of 
mono dispersed, non overlapped circular solid particles (light 
blue) containing component of interest (red) in their enclosed 
area. In both cases the separation factor, Sf, is assumed 
unity. 
d <S/[0,2_ +0, 
(ý-1) (Eq. 8.1) 
r 
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Equation 8.1 was derived using the diameters of the smaller circles that could fit 
within the enclosed area created by joining the larger circles as shown in the 
figure. In this equation dac is the equivalent particle diameter of the active 
ingredient or component of interest, dp is the equivalent diameter of the bulk 
solids, 01 and 02 are the relative contributions of the pore space created by 
joining the centre of the circular particles in triangular and square pattern 
respectively, Sf is the particle separation factor (z 1), which is mainly 
dependent on particle packing density, thickness of the binder present at the 
particle coordination points and the extent of the consolidation forces involved in 
granulator. It is generally expected that Sf -- 1 for high shear mixers (particle 
packing approaches the dense-packed limit) and >1 for low shear and fluid bed 
granulation. For Suglets particles that have a mean diameter of 302.5 Nm, 
assuming no particle separation (i. e., Sf = 1) and A, = 0Z = 0.5, the diameter of 
the component of interest that could flow through the inter-particle pores was 
found to be _< 86 pm. 
Compared to the observed experimental value which is 
X75 pm, the calculated value provide good approximation despite the fact that 
Suglets particles were neither absolutely spherical nor mono dispersed. 
8.2.2. Granule Structures Based on In-situ Aqueous Binder 
The methodology of active component addition as solid dispersion with in-situ 
melt was also successfully extended to aqueous binder. A 15 wt% solution of 
HPC as in-situ aqueous binder was used with suspended glass beads (90 -125 
pm) as model actives. Glass beads were chosen instead of NaCl because they 
are not soluble in the aqueous binder. In practice, many API's (active 
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Figure 8.9: X-ray tomography transmission images (left column) and 
horizontal cross sections through 3D reconstructed images (right 
column) of glass beads-Suglets-HPC granules. Glass beads can be 
distinguished as dark pixels in light grey Suglets structure. 
pharmaceutical ingredients) are sparingly soluble in water. The binder was in 
the form of solid droplets that were frozen in liquid nitrogen environment as 
described in Section 4.4. The product yield in this method was typically < 5% 
mainly due to the limited amount of the binder (= 10 ml) used. The average 
frozen droplet size was kept in the range of 1500 - 2000 pm, hence the 
binder/particle size ratio was 5.8. This value can be compared with the 
binder/particle size ratios used during in-situ melt granulation with PEG, as 
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discussed in Section 6.2 above. Figure 8.9 shows x-ray tomography images of 
Suglets granules prepared from in-situ aqueous HPC binder. 
-AW 
4ý 
particle spacing. 
It can be seen in the figure this novel methodology is equally applicable to in- 
situ aqueous binder as we can see the same hollow core granule with controlled 
spread of the model active component. This offers new range of applications in 
many particulate industries where aqueous binders are essential granule 
formulation requirements. Comparing this structure with its corresponding melt 
binder batch (SPG-30) where the size of dispersed NaCl was 75-125 pm, the 
spread of glass beads was slightly larger despite its size (90-125 pm) being 
greater than the previously observed critical limit of 75 pm. One of the reasons 
to explain this behaviour was larger inter-particle spacing (shown by SEM 
micrographs in Figure 8.10) that enabled glass beads to travel greater distances 
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Figure 8.10: SEM micrographs of Suglets granules prepared with in-situ 
aqueous HPC containing suspended glass beads; a) typical granule showing 
immersed Suglets particles in HPC continuum; b) details of binder bridges and 
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within the structure. Since in the process of making these granules, the 
granulation and subsequent drying time was significantly shorter than their melt 
granulation counterparts, that means less time for consolidation and therefore 
larger inter-particle separation. Here S, appears to be greater than 1. Another 
reason for this observation could be the spherical shape of glass beads that 
imparted better mobility compared to the cubical shaped NaCI structures. 
8.2.3. Granule Structures Based on Aqueous Spray Binder 
The effect of different means of addition of active ingredient on granule 
microstructure was also studied for the mannitol-HPC system using 
conventional spray-granulation mode. Two batches were prepared namely 
batch MHC-01 and MHC-02 (cf. Table 8.1). The granulation protocol followed 
Method-2 (Section 4.2.2b). In preparation of the former, NaCl was introduced as 
particles with primary solids while in the latter case NaCl was added as 5% 
secondary solute into the HPC solution, i. e. we have made explicit use of the 
solubility of the model active ingredient in the binder solution. The tomographic 
images of granule belonging to MHC-01 can be seen in Figure 8.5. Batch MHC- 
01 bears a qualitative similarity with the corresponding melt binder case (batch 
SPG-08) in that the granules contain randomly distributed NaCl crystals within 
the structure. In contrast, batch MHC-02 granule can be considered as a limiting 
case for the NaCl particle size tending to zero, and the structure therefore bears 
a qualitative similarity to SPG-1 1. The NaCl component coincides with the HPC 
binder at the mannitol particle contact points. 
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Figure 8.11 shows the dissolution curves of granules from batches SPG-07, 
SPG-08, SPG-09, SPG-11 and SPG-50 and the intrinsic dissolution of NaCl 
particles, which were in the size range of 75 - 212 pm. As shown in the figure, 
despite constant binder-to-solid ratio of 0.11 that was maintained in all the 
cases, dissolution profiles especially in the initial phase are significantly 
different. Notice the initial time lag in release, which is considerable for the 
cases SPG-07 and SPG-09, i. e. those where NaCl is located in the core. On the 
other hand, NaCl release is considerably faster when its particles were bonded 
on the exterior of the granules (SPG-50). The shape of the dissolution curve in 
this case was comparable to the intrinsic dissolution profile of pure NaCl; this 
was expected as NaCl particles, attached on SPG-50 granules, were separated 
from one another and in direct exposure with dissolution medium. Their release 
rate, in comparison to pure NaCl, was however slower because at least one of 
the crystal side was 'glued' to the granule surface (refer to x-ray image of SPG- 
50 in Figure 8.5) and therefore not in immediate contact with the solvent. 
The release is more gradual in the two cases where NaCl particles are 
randomly distributed within the granule (SPG-08 and SPG-11). Notice, however, 
that in SPG-11, although the NaCl particles are smaller than in SPG-08, the 
dissolution rate is slower due to the fact that the salt particles are immersed in 
the PEG binder. This situation is similar as the high- and low-porosity cases 
discussed in the computational section (Section 5.3.1): in case SPG-08 the salt 
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particles have immediate access to the liquid phase, whereas in case SPG-11 
their dissolution is hindered by the slower-dissolving PEG. 
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Figure 8.11: Experimental dissolution curves of NaCI-Suglet-PEG 
granules and of pure NaCl. On the y-axis is the relative concentration of 
NaCl in the solution. 
The release behaviour exhibited by granules SPG-07 was also very interesting, 
although not totally unexpected. As can be seen in the tomographic images 
(Figure 8.5), NaCI particles formed a core inside the granule and hence were 
completely surrounded by the Suglet particles and the binder. This structural 
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setting provides virtually no contact between the NaCl particles and the 
dissolution medium and this is also perceptible by the dissolution behaviour. It is 
shown in the graph that for about 160s there is practically no release of NaCl, 
confirming the argument that the shell needs to be dissolved first before 
reaching to the active core by the dissolution medium. But once the medium 
reaches to the core, the dissolution rate was much faster and the release curve 
even slightly exceeded that of case SPG-08. This is nicely demonstrated by 
comparing the t,,, , ts and t,,,, times plotted 
in Figure 8.12: while SPG-07 has 
longer both /,,, and /s , its /,,,, 
is comparable to that of SPG-08. 
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Figure 8.12: Dissolution timest,,, , I,, and ,,,, 
for the model active (NaCl) 
released from granules as specified in Table 8.1 (the full dissolution 
curves can be seen in Figures 8.11. 
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The other trend predicted in the computational section, i. e. that the smaller the 
particles, the faster the dissolution under otherwise identical conditions, was 
validated next. Batch SPG-09 was prepared with larger NaCl particles (250-355 
pm). As far as initial time delay phenomenon is concerned this batch exhibited 
more or less similar behaviour as was noted in batch SPG-07 (cf. the 1,,, times 
in Figure 8.12), however in this case the subsequent release was somewhat 
slower, also evident by the large value of 191 (1550 s). 
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Figure 8.13: Dependence of integral dissolution times i,, I;,, and /,,,, on the 
NaCl particles size added in the granule formulation as solid dispersion in 
the PEG binder particles. 
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The microstructures shown in Figure 8.7 were also subjected to dissolution test 
in order to study the effect of active ingredient (NaCl) particle size on the 
granule application performance. The microstructures from Figure 8.5 (only 
SPG-09 and SPG-11) are also included to for easier comparison. In these 
batches (SPG-09, SPG-11, SPG-20, SPG-21, SPG-30, SPG-31 and SPG-32) 
the size of the NaCl particles, dispersed in PEG binder, was varied from <32 Nm 
to 302.5 pm while keeping the overall granule composition constant (see Table 
8.1). The only exception was with SPG-11 where NaCl-to-solid ratio was 
lowered (0.03) to effectively handle the very fine (<32 pm) NaCl particles. The 
granule dissolution times /,,,, is and 1,,,, as function of NaCl particle size are 
plotted in Figure 8.13. 
The dependence of granule dissolution time on NaCl particle size is clearly non- 
linear and has local minima for each of the three integral characteristics. The 
argument of slower dissolution due to smaller specific surface area can be used 
to explain the increasing trend observed in the dissolution times from 75 pm 
upwards, but not the reverse of the trend for particles smaller than 75 pm. Two 
other factors have to be considered, namely the radial distribution of NaCl in the 
granule, and the degree of NaCI particle immersion in the binder. Let us 
consider the microstructures shown in Figure 8.7. When NaCl particles are 
smaller than 75 pm, their distribution in the granule coincides with the binder 
because they are small enough to be able to flow between the larger Suglet 
particles. The radial distribution can therefore be taken as more-or-less the 
same for all samples below 75 pm. The increase in dissolution time with 
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Figure 8.14. SEM micrographs showing a comparison of PEG binder bridges 
between Suglets particles. (a) PEG binder contains dispersed NaCl particles from 
the <32 pm size (Batch SPG-1 1) fraction and (b) the binder with no dispersed NaCl. 
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dissolution becomes rate limiting. A comparison of SEM micrographs showing a 
detail of binder bridge with dispersed NaCl particles (<32 pm) that appear as 
small speckles in the otherwise smooth PEG, is presented in Figure 8.14. 
Once the NaCl particles exceed a critical size - in this case approximately 75 
pm - they can no longer pass through the voids between Suglet particles and 
therefore remain trapped in the granule core, at the location of the original 
molten PEG nucleus which contained them. Above this critical particle size, we 
can observe a sharp increase in dissolution time, which can be explained by the 
combination of the core-shell structure (the Suglet shell has to dissolve first) and 
the decreasing specific surface area of NaCl particles. 
The effect of the method of active ingredient addition on the dissolution of 
granules produced by spray granulation is illustrated in Figure 8.15. The 
corresponding integral dissolution times are plotted in Figure 8.12. The time 
scale in this case is much shorter than for in-situ melt Suglets-PEG granules 
because of the open structure and smaller granule size (cf. Figure 4.3). 
However, apart from the time scale, the shape of curve MHC-1 in Figure 8.15 is 
very similar to the corresponding curve SPG-08 in Figure 8.11 - i. e., both 
batches prepared from a dry mix of NaCI and excipient particles, and therefore 
containing a structure with randomly distributed NaCl particles. On the other 
hand, when NaCl was added as aqueous solution in granule formulation (batch 
MHC-02), the release was instant and comparable with the intrinsic dissolution 
rate of isolated NaCl crystals in the size range of 75-212 pm. 
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Figure 8.15: Experimental dissolution curves of NaCI-mannitol-HPC 
granules and of pure NaCl. On the y-axis is the relative concentration of 
NaCl in the solution. 
This is probably because of the formation of finely dispersed re-crystallised 
NaCl in the binder layer, which provides large surface area and hence greater 
contact with the dissolution medium. 
The competing effect of binder-limited dissolution for smaller particles, and core- 
shell structure and lower surface area for larger particles, can be used to tailor 
the dissolution profile of the active ingredient as described in the following 
section. 
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8.2.5. Effect of binder intrinsic dissolution rate 
Granules containing a wider NaCl particle size range (75-212 pm) and PEG 
binders with three different molecular weights (PEG-6000, PEG-10000, and 
PEG-20000) - and hence different intrinsic dissolution rate - were prepared in 
order to contain, in a single granule, both "small" particles whose dissolution will 
be hindered by the binder, and "large" particles that will dissolve autonomously. 
The full specification of the formulations is given in Table 8.1 (refer to SPG-07, 
SPG-22 and SPG-23). 
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Figure 8.16: NaCl release curves from granules of constant composition and 
NaCl primary particles size but variable molecular weight of the PEG binder, 
as indicated in the legend. On the y-axis is the relative concentration of NaCl 
in the solution. 
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The dissolution curves are plotted in Figure 8.16, and the corresponding integral 
dissolution times are summarised in Table 8.2. 
Table 8.2: Dissolution times of granules prepared with PEG of different 
molecular weight. 
Batch PEG t1o [s] tso [s] tso [s] 
Code 
SPG-07 6,000 270 550 965 
SPG-22 10,000 310 585 1300 
SPG-23 20,000 345 705 1440 
The dissolution times show interesting behaviour, consistent with the hypothesis 
stated above: the 1,,, times, which reflect the initial time lag due to the 
dissolution of the granule shell, are ordered according to the increasing 
molecular weight the binder. However, once the dissolution of NaCl from the 
granule core commences, the PEG-6,000 and PEG-10,000 curves follow similar 
dynamics, and the dissolution half-times I are very close to each other 
compared with the 's of PEG-20,000 granules. On the other hand, in later 
stages dissolution becomes limited by the rate at which smaller NaCl particles 
originally immersed in PEG binder to a larger extent become fully exposed to 
the surrounding solvent, and so the PEG-10,000 curve deviates from the PEG- 
6,000. The dissolutions time /,,,, is thus significantly lower for the PEG-6,000 
case than either the PEG-10,000 or PEG-20,000 granules, which are relatively 
closer to each other. 
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In summary, it can be said that the following three main trends have been 
confirmed and validated by both computational and experimental works: (1) 
smaller particles size of the active ingredient means faster dissolution under 
otherwise identical conditions; (2) core-shell structures cause an initial time lag 
in release of the active if it is in the core, and accelerate its release if it is in the 
shell; and (3) in situations where the active particles are significantly surrounded 
by a non-porous matrix of another formulation component (the PEG binder in 
this case), their dissolution rate is limited by that of the matrix component. 
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FUTURE WORK 
9.1. Conclusions 
A comprehensive study of granule diagenesis (porous microstructure 
evolution) in fluid-bed granulator, using Suglets, mannitol and glass beads as 
primary particles and solid PEG and aqueous solutions of PVP and HPC as in- 
situ melt and spray binders respectively, has been carried out. 
Parameters 
Studied 
Formulation 
Variables 
Process 
Variables 
Primary II Binder 
Particles 
Bi-modal distribution, poly-dispersity, 
composition, surface properties 
Spray characteristics, 
Ingredient addition mode 
%age, melt-in binder particle I 
size, viscosity 
Figure 9.1: Summary and classification of the parameters studied in this 
thesis. 
The parameters studied in this thesis, also summarised in Figure 9.1, include 
primary particle bi-modal distribution, poly-dispersity, composition of primary 
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particle blend, surface properties, binder content, melt-in binder particle size, 
viscosity, binder droplet size, spray rate and ingredient addition mode. The 
effect of these parameters on granule microstructure and dissolution were 
examined using experimental methodology and were complemented by 
previously developed computational models. 
It has been shown that granule porosity can be controlled by adjusting the 
parameters of a bi-modal primary particle size distribution. Correlations 
between granule porosity and dissolution rate have been established. It was 
found that in the case of Suglets, dissolution of primary particles is the rate- 
limiting step and so granule porosity has essentially no influence on dissolution 
time; on the other hand, very strong dependence of dissolution rate on porosity 
was found in the case of mannitol-based granules. Primary particle poly- 
dispersity has been found to be one of the most important parameters in 
regard to control of intra-batch heterogeneity as wide distribution range of 
primary solids in granulation may induce segregation and lead to a relatively 
higher proportion of fine particles in larger granules, which can consequently 
have a high packing density compared to rest of the batch. For the chosen 
binder-primary solids (HPC-mannitol) system the particle polydispersity, 
however, seem to have less significant effect on the overall granule size 
distribution. 
When a porous granule is composed of a mixture of primary particles of a fast- 
and a slowly-dissolving component, there exists a minimum in the dissolution 
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time as function of composition. This finding, which has been confirmed both 
experimentally and computationally, is significant for solid dosage form 
formulation design as it means that the effective dissolution rate of an active 
ingredient can be increased by diluting the active ingredient with another 
component even if this component has a slower intrinsic dissolution rate than 
the active itself. 
The surface properties of primary particles have a profound effect on the 
granulation behaviour. Hydrophilic particles were found to result into a 
comparatively smaller granule size distribution than hydrophobic ones, most 
likely due the fact that granules above a certain critical size cannot be formed 
as the kinetic energy of granules during impact cannot be dissipated within the 
thin binder coating layer present on the particle surface. On the other hand, 
hydrophobic particles on which the binder droplets are more localised and thus 
thicker, can grow to larger sizes. At the same time, due to lower fractional 
surface coverage of primary particles, a larger fraction of hydrophobic particles 
remains un-granulated. Similar trends have been observed for partially 
hydrophobic mannitol-stearic acid system. Thus we can conclude that the 
relationship between particle wettability and granulation performance is less 
simple than had perhaps been thought: better wettability does not necessarily 
mean better granulation in terms of achievable granule size, but highly 
wettable primary particles do granulate better in terms of engaging a higher 
proportion of the particles in the granulation process. 
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Granule porosity can also be effectively controlled by the varying the fraction of 
wetting content, which allows a wider range of porosity to be realised in the 
case of melt granulation than for aqueous binders. As far as the effect of binder 
content on dissolution rate is concerned, it has been observed that increasing 
binder content generally tends to slow down dissolution, however its influence 
was not as strong as porosity for the chosen system of raw materials. Binder 
viscosity, on the other hand, did not prove to have a strong effect on porosity 
for the particular systems and granulation conditions studied in this work. 
However, in the cases where viscosity change was realised by changing the 
molecular weight of the polymeric binder, dissolution rate of the multi- 
component granule was affected due to changing the intrinsic dissolution 
behaviour of the binder. 
The role of binder particle size and binder/solids ratio on granule formation in 
fluid-bed in situ melt granulation has also been studied. The final granule size 
was found to be an increasing function of the binder particle size; however for 
a given binder content the increase in binder particle size may simultaneously 
result into a larger fraction of un-granulated fines. Binder particle size was also 
found to have strong influence on the particle build-up mechanism; the 
formulations that contain binder particles sufficiently larger than the size of 
primary solids tend to produce granule structures with a hollow core. For a 
given granule size class, the core size appears to increase with the binder 
particle size, which offers the possibility of controlling granule structure and 
hence the application properties such as dissolution and tabletting. X-ray 
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micro-tomography has proved to be a useful technique to characterise not only 
the granule structures but also to elucidate the likely granulation mechanism. 
The established dependence of granule size on binder particle size can be 
used for the preparation of granule batches with a priori designed, bi-modal 
size distribution. Theoretical analysis of the in situ melt granulation process, 
based on the immersion and layering growth mechanism depicted in Figure 
6.10, yielded relationships (Eqs. (6.6) and (6.9)) that allow the estimation of the 
mean granule size and the fraction of un-granulated fines as function of the 
binder particle size and the binder to solids mass ratio, provided that two 
parameters are known: the primary particle packing density in the granule 
shell, V/, and the relative pore-space saturation by the binder, xsp, . These 
quantities can either be regarded as adjustable and obtained by least-square 
regression from experimental data, or they could also be evaluated directly by 
microstructure analysis of the granule X-ray images. 
In analogy of in-situ melt binder granulation, the effect of droplet size of 
aqueous binder on granule properties in conventional spray-on set-up was also 
investigated. The droplet size of aqueous binder was found to have a similar 
role as was observed for melt-in binder. In comparison with larger droplets, 
smaller droplets appear to yield granules of smaller sizes, promote particle 
coating and produce less amount of un-granulated fines in the final product. 
An increase in the binder spray rate was found to have no significant influence 
on granule size of the chosen system but it did affect the fraction of un- 
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granulated particles in the final product. The latter effect however needs further 
investigation to confirm the proposed explanation. 
A parametric computational study of the effect of particle size and radial 
distribution of components within the granule, and of porosity, on the release 
rate of the active ingredient has been performed. The simulations show that 
smaller primary particle size of the active generally lead to faster release rate, 
and that a core-shell structure is a very effective means of achieving delayed 
or phased release of the active, whereas random dispersion of the active within 
the granule leads to a gradual release. 
A novel approach to controlling the spatial distribution of the active ingredient 
(or any other component, for that matter) within the granule structure, by 
introducing API as suspended solid within in-situ melt (or frozen droplets) 
binder, has also been established and demonstrated in this work. In this novel 
technique the size ratio of active component to primary particles appears to be 
an important variable in determining the relative positioning of the formulation 
components within the granule matrix. The primary particles' separation and 
the resulting dimensions of the inter particle pores also found to play its role in 
dictating the distribution of the active component in the granule structure. A 
relationship (Eq. 8.1) between the API and the primary particle size has been 
developed to estimate the extent of the distribution of the component of interest 
within the granule. The arrangement of the active ingredient in the composite 
matrix was shown to have a profound influence on the dissolution profile. 
When the active component is randomly distributed, the release was found 
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relatively faster and without any initial time lag. Even faster granule dissolution 
rates were observed when the active particles were layered on the granule 
external surface. The initial time delay in release was observed when the 
active ingredient was encapsulated by the excipient particles, and its 
subsequent dissolution response was found dependent on the particle size of 
the active component. A detailed study of the effect of the size of API particle, 
when added as solid dispersion with melt-in binder, has shown that there exists 
an optimum particle size that minimizes dissolution time by balancing the radial 
distribution of the active component (core-shell structures vs. uniform 
distribution) with immersion of the active ingredient particles in the binder. In 
terms of product formulation, primary particle size is a parameter that can be 
relatively easily modified, hence is it important to know how dissolution rate 
can be controlled by it. 
The method of addition of the active ingredient was also found to play an 
important role in the granules prepared by the spray granulation mode. In the 
case when the active component was randomly dispersed, the shape of the 
dissolution curve, although with much shorter time scales, was found similar to 
the corresponding batch prepared by the in-situ melt binder. When the active 
ingredient was added as aqueous solution together with the binder in the 
granule formulation, the release was instant and comparable with the intrinsic 
dissolution of the active component. 
A cause and effect chart summarising the above-mentioned conclusions is 
presented in Table 9.1. 
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9.2. Recommendations for Future Work 
In the chosen method of granulation, numerous combinations of process and 
formulation variables, other than mentioned in the above study, could be 
possible. The parameters and the corresponding product attributes which are 
marked by either -" or "no" in the cause and effect chart (Table 9.1) can 
provide the basis for further study. 
The effect of particle poly-dispersity on intra-batch heterogeneity needs to be 
further tested on other particulate materials. In this regard it is recommended to 
use binder and primary particle system that have distinctive x-ray attenuation 
as the visualisation of the particles and hence the computation of the intra- 
granule particle size distribution and packing would be easier with those 
systems. It is also recommended to study the effect of primary particle shape 
on granulated products; it is highly probable that primary particle shape affects 
the particle packing pattern and so the microstructure of the granule. A parallel 
computational modelling along with experimental study would complement 
each other and guide the research direction. 
It is highly recommended to expand the work related to the effect of the particle 
surface properties on the granule microstructure. By controlling the binder 
spreading and the solidification rates, it can be possible to manipulate the 
granule porosity and hence the end-use behaviour (Stepanek and Ansari 
2005). In this connection a thorough investigation of the wetting and drying 
dynamics using both experimental and computational tools is essential to gain 
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better understanding of the effect of the materials being agglomerated on the 
resulting granule microstructure. 
The methodology of hollow core formation in the granule offers great prospects 
in optimising pharmaceutical tableting operations as hollow-core granules 
would exhibit different compression behaviour (possibly require lower 
compression force) in the process of transforming them into tablets. Therefore 
further research into the process performance of hollow-core granule is 
suggested. As per our understanding, the method of preparation of hollow-core 
granule could be extended from in-situ melt binder to conventional spray-on 
melt or aqueous binders. In order to achieve this, nozzle design would need to 
be customised so as to produce larger droplets, rheological properties of the 
liquid binder would also need to be controlled in a way that they tender high 
viscosity during the start of the granulation process followed by low or 
moderate viscous behaviour towards the end - to enable the liquid to be drawn 
up by the capillary forces of the particulate structure. 
We believe a novel methodology that has been developed in this research, 
which allows an effective control of the spatial distribution of the component of 
interest in the granule structure, has enormous potential in tailoring the 
application performance of the product (we have demonstrated this in Chapter 
8 for granulated product). It is well known that the end-use properties of the 
tablets that are derived from granules are profoundly influenced by the granule 
characteristics. Granules may retain their identity (when they are compressed 
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into tablets) and exhibit their characteristic dissolution behaviour when they 
release from the tablets. Therefore the dissolution behaviour of the tablets 
compressed from the granules that have API encapsulated in the core should 
certainly be different from those formed by granules of randomly distributed 
API. A study exploring the use of encapsulated or other pre-designed granules 
in tableting process will take the findings of this thesis a step further. The 
methodology to controlling the relative position of the granule ingredients by 
pre-dispersing the component of interest in the binder can be extended to 
conventional spray-on granulation system, depending on the outcome of the 
suggested research for hollow core granules as mentioned above. 
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APPLICATION NOTES 
1) Near Infrared Chemical Imaging of Pharmaceutical Granules. 
2) Coating Nozzle Characterization Using the Malvern Spraytec. 
These application notes are included in the following pages as they give 
relevant details of some of the experimental techniques employed in this study. 
These notes were produced for Malvern Instrument Ltd as an acknowledgement 
for their laboratory support. 
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near Infrared Chemical Imaginq of 
L Pharmaceutical Granules 
Mansoor Ansari & Frantisek Stepanek - Imperial College 
Introduction 
A granule is a composite mixture of 
one or more types of primary solid 
particles held together by a binder, 
and represents an effective way to 
deliver solid products. These products 
are either transitory, existing only from 
one process step to another (e. g., 
feed for pharmaceutical tableting) or 
are final products in and of 
themselves (e. g., detergent, instant 
food or fertilizer). In both 
considerations the spatial 
arrangement of primary particles and 
binder within the granule - the 
microstructure - is a very important 
attribute in regard to its visco-elastic 
response and dissolution behavior 
[Knight, 2001]. 
The evolution of microstructure in 
granular products is largely dictated 
by the mode of granulation (high 
shear, low shear, fluid bed) and 
processing conditions (temperature, 
binder addition rate, etc. ) applied 
during the process. As microstructure 
often determines product performance 
and provides information about 
processing history, its characterization 
is thus imperative for both quality 
control and research and 
development [Ansari & Stepanek, 
2006]. 
Microstructure 
Characterization 
Techniques 
There exist a limited number of 
analytical instrumentation methods 
that provide information about the 
relative positioning of different 
components in a granule matrix. The 
most popular techniques include 
optical microscopy, scanning election 
microscopy (SEM) and x-ray micro 
tomography (XMT). Near infrared 
chemical imaging (NIR-CI), a recent 
addition to this list, is gaining in 
importance [Lewis et al., 2004]. 
In SEM, a fixed energy electron beam 
is scanned across the surface of the 
sample and the result appears on the 
read out device as a visual image. 
Although a standard SEM set-up is 
particularly useful to closely examine 
the sample surface, it tells very little 
about chemical composition unless 
additional detectors (e. g. EDX) are 
installed. XMT, on the other hand, 
reveals detailed information by 
measuring variation in material 
density and capturing two- 
dimensional shadow x-ray images 
that are re-constructed into a three- 
dimensional structure with the help of 
a mathematical algorithm [Farber of 
al., 2003]. XMT can discriminate 
different components in the structure 
by variation in the material density. 
This, however, limits its application 
range to some extent since a 
significant number of granulated 
products belonging to pharmaceutical, 
food and agrochemical sectors are 
comprised of ingredients with 
comparable densities. Another 
limitation of this technique is the long 
scanning time followed by 
computationally intensive 3-D 
reconstructions that allow only a few 
samples to be analyzed in a given 
amount of time, which can make the 
findings statistically less significant. 
NIR-Cl is the combination of NIR 
spectroscopy and digital imaging. This 
technique utilizes spectral information 
for identification of species present 
and the imaging capabilities allows 
one to assess where they are located 
on the sample surface. There are a 
number of different magnifications 
available which can accommodate a 
wide range of sample sizes and 
sample types. NIR light does have a 
penetration depth which is a function 
of wavelength [Clarke et al , 
2002, 
Hudak et al., In Press], however it 
offers several advantages over the 
afore-mentioned techniques. These 
include ease of use, rapid data 
acquisition (-2 minutes per sample), 
little or no sample preparation and the 
ability to distinguish a wide range of 
organic materials, encompassing the 
majority of compounds used in 
pharmaceuticals [Lewis et al., 2007]. 
In this study, the Malvern Instruments 
SyNIRgi Chemical Imaging System 
was used to image different 
components in a granular structure. 
These granules were comprised of 
sugar spheres "Suglets" (NP Pharm, 
France) and D-mannitol "Pearlitol- 
200SD" (Roquette, France) using 
polyethylene glycol (PEG-6000) and 
15 % w/w aqueous solution of 
hydroxypropyl cellulose (HPC) as 
binders. The two solids are common 
pharmaceutical excipients and the 
binders are typical examples of melt 
and aqueous binders These two sets 
of granules, Suglets-PEG & mannitol- 
HPC, were analyzed in both intact 
and dissected forms in order to 
examine the distribution of binder 
within the granule 
Sample Preparation & 
Data Processing 
The technique does not require any 
sample preparation, but in this study 
the interior of the granule was of 
interest so some of the granules were 
SyflIRgi application note mac -0, 
205 
cut in half to expose this surface. The 
data were first pre-processed in order 
to remove physical effects (surface 
scattering, density, hardness etc. ) and 
to enhance chemical contrast. Each 
datacube was background and dark 
corrected, converted to absorbance 
units then normalized. Next a Partial 
Least Squares (PLS) model was 
created from a pure component library 
and was applied to each datacube in 
order to determine spectral 
contribution from each component at 
every pixel. PLS is a multivariate 
(chemometric) analysis tool which 
predicts identity based on a pure 
component library. This library was 
constructed from images acquired of 
the pure components. Each pixel is 
scored between "0" and "1" relative to 
pure components. A score value of "0" 
indicates that the component is not 
present at that pixel and "1" indicates 
that there is 100% of that pure 
component. Often the values fall 
between 0 and 1, indicating more than 
one component present at that pixel. 
The scored image provides a visual 
representation of the spatial 
distribution of the material in the 
sample. Histograms, which are simply 
a different way to numerically 
represent image intensity data, 
accompany each score image. 
Because they provide a quantitative 
summary of the range of values within 
an image, they allow the user to 
compare samples in a unbiased and 
objective way. 
Results 
Figure 1 shows PLS score images of 
a granule composed of Suglets and 
PEG as primary particles and melt 
binder respectively. The spectra 
shown in Figure 2 are from the red 
and blue regions in Figure 1b. The red 
regions demonstrate a reduction in 
the Suglet character and an increase 
in the PEG character at -1740 nm (C- 
H Ist overtone region) and possibly at 
-2310 nm (C-H + C-H combination 
region). 
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Figure 1: PLS score images of an 
intact Suglets-PEG granule. a) Score 
image for Suglets, b) score image for 
PEG. 
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Figure 2: NIR spectra obtained from 
Figure 1b). 
From visual inspection, it is clear that 
the high abundance areas of PEG are 
in between the coordination points of 
suglet particles. This finding not only 
helps to predict the product end-use 
performance, but also confirms the 
well known granulation mechanism in 
which particle build up takes place by 
successful collision of wetted or 
partially wetted particles. 
1- 
Figure 3: Overlay of the distributions 
for the PEG (-) and Suglets (-) in the 
PLS scores images. 
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The distribution histograms of both 
Suglets and PEG (shown in Figure 3) 
provide mean score values 
(corresponding to bulk composition) 
as well as compositional range and 
homogeneity (from the standard 
deviations) information. From the 
histogram mean values, the 
compositions of Suglets and PEG are 
approximately 94% and 6%, 
respectively. These values are based 
on the analysis of the external granule 
surface. Since the actual proportion of 
PEG in the formulation was kept at 
10%, this implies that most of the 
PEG is localized in the interior of the 
granule. In order to confirm this 
supposition, two granules from the 
same batch were sectioned and their 
exposed sides were analyzed as 
shown in Figure 4. 
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Figure 4: RGB images for two of 
the sectioned Suglets/PEG 
granules with 11 % and 12% 
mean PEG abundances 
respectively for a) and b) with 
(- ) Suglets and (-) PEG. 
RGB, false color images were 
produced from the PLS score results 
and clearly indicate that areas of high 
PEG abundance within the granule 
matrix are predominantly restricted to 
the core region. The homogeneity of 
the two components in the granule 
can be characterized using the 
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standard deviations of the types of 
distribution shown in Figure 3. The 
standard deviation for the PEG was 
-0.07 whereas the Suglet value was 
lower at - 0.04, indicating a greater 
homogeneity of Suglet. This ability to 
quantitatively characterize component 
uniformity within a product is indeed 
one of the most valuable aspects of 
NIR chemical imaging. The estimated 
abundance level of PEG in the 
sectioned granules is found to be in 
the range of 11-12%. 
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Figure 5: PLS score images for a) 
mannitol and b) HPC in a 
mannitol/HPCaq granule. 
NIR chemical imaging was also 
performed on granules composed of 
mannitol and HPC, used as primary 
solids and aqueous binder, 
respectively. The results shown in 
Figure 5 are the PLS score images of 
mannitol (Fig 5a) and HPC (Fig 5b). 
The NIR spectra corresponding to 
Figure 5b are given in Figure 6. The 
red regions show a reduction in 
mannitol character, rather than 
specific bands for HPC. 
Therefore, it is difficult to see distinct 
areas of HPC, despite the fact that its 
proportion in the formulation was 
maintained at around 7% (on dry 
basis). When a sample is very 
homogeneous, the spectra will take 
on the shape of that major 
component. The exception to this is 
when there are highly localized areas 
of the minority component. The 
results from this example point to the 
first circumstance, where there does 
not appear to be a high enough 
concentration of HPC at any pixel to 
result in predominantly HPC spectral 
features. However, subtle changes, 
such as the intensity reduction at 
2100 nm are likely caused by an 
increase abundance of HPC at that 
spatial location. The HPC is likely 
uniformly distributed and present in 
the form of a very thin layer on 
mannitol particles. This is supported 
by the fact that the processing and 
formulation conditions used to 
prepare these granules encourage 
even binder spreading. 
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Figure 6: NIR spectra derived from 
Figure 5b). 
Conclusions 
The measurement of the spatial 
distribution of different components 
within pharmaceutical granules using 
the Malvern Instruments SyNIRgi 
Chemical Imaging System has been 
demonstrated. 
The granules composed of Suglets 
and PEG showed non-uniform co- 
localization, with a significant amount 
of PEG confined to the interior of the 
structure. In the case of granules 
prepared with mannitol and HPC, the 
binder was found evenly distributed in 
the form of a thin layer. This lack of 
high HPC concentration resulted in 
subtle but measurable spectral 
changes. 
SyfllRgi application note rrw B-oi 
Considering the ease of use, the fast 
data collection time, the quantitative 
parameters and information that can 
be extracted from the data cubes, and 
the cost compared to SEM and XMT, 
this system is certainly a desirable 
addition for the characterization of 
granules in analytical and R&D labs in 
the particle process industry or 
academia. 
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Coatinq nozzle characterization usinq 
the Malvern Spraytec 
Mansoor Ansari and Frantisek Stepanek - Imperial College, London 
Introduction 
The spraying of liquids is an integral 
part of fluidized-bed coating and 
granulation. Examples of products 
prepared by these processes include 
detergents, fertilizers, various instant 
food and beverage formulations and 
many specialty chemicals and 
pharmaceutical products. 
In the coating process, a spray of fine 
droplets is generally preferred for 
even distribution of the liquid onto the 
mass of the solid particles (or 
granules), as larger drops may lead to 
over-wetting and unwanted 
agglomeration. In the granulation 
process different sizes of binder 
droplets provide different conditions of 
nuclei formation and granule growth 
and thus may significantly influence 
the granulation end point. The 
characterization of liquid sprays is 
therefore an essential pre-requisite for 
process optimization and 
troubleshooting. 
Nozzle Characterization 
Techniques 
The droplet size distribution delivered 
by the nozzles used in coating 
processes is dictated by the 
properties of the coating liquid 
(density, viscosity, surface tension), 
the liquid flow rate through the nozzle, 
the nozzle geometry and, in the case 
of a twin-fluid nozzle, the flow-rate or 
pressure of the secondary gas supply. 
Although order-of-magnitude 
estimates of the mean droplet size 
can be made from established 
correlations, in general the most 
practical and reliable way to 
determine droplet size distributions is 
to measure them experimentally 
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Figure 1: Change in droplet size as a function of atomization pressure for de- 
ionised water at a fixed flow rate of 10 ml/min. 
under the conditions of interest for the 
nozzle of interest. There exists a wide 
variety of nozzle characterization 
techniques; these include collection 
based methods, imaging analysis and 
techniques using laser light scattering 
or absorption. Of those available, 
laser diffraction provides a flexible 
and rapid approach for the 
assessment of the delivered droplet 
size, providing advantages in terms of 
the ease of set-up and the ability to 
carry out real-time measurements 
regarding the evolution of the spray 
plume. 
In this study Malvern Spraytec has 
been used to measure the droplet 
size of the spray produced by a lab 
scale twin-fluid nozzle (Schlick 
970S1). This nozzle utilizes the kinetic 
energy of high-pressure gas (air in 
this case) to break up the liquid 
Spraytec application note n K72b-u, 
stream into a fine spray. It is used in a 
desktop fluid bed granulator for the 
spraying of various binder liquids, 
including aqueous solutions of 
polymers. The behavior of the nozzle 
for different atomization conditions 
and different liquids has been 
investigated 
Spray Characterization 
Different spray profiles were 
characterized by systematically 
varying the air pressures from 0.25 to 
2.0 bar and liquid flow rates from 5 to 
20 ml/min in order to determine the 
droplet size distribution for the 
operating conditions of interest. The 
droplet size distributions presented 
below were measured in the axis of 
the spray plume, approximately 50 
mm from the nozzle exit (it is well 
known that droplet size variation can 
._ 
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occur as a function of position in the 
spray plume). 
The overall atomization performance 
was determined for operation of the 
nozzle using de-ionised water and a 
typical binder used in pharmaceutical 
granulation, in this case a 5% 
aqueous solution of polyvinyl 
pyrrolidone (PVP). 
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Results 
Figure 1 shows the droplet size 
distributions reported by the Spraytec 
for the atomization of de-ionised 
water. The flow rate of de-ionised 
water through the nozzle was kept 
constant at 10 ml/min whilst the 
supplied gas pressure was varied. As 
the pressure increases the droplet 
Figure 2: Change in droplet size as a function of flow rate for de-ionised water 
at a fixed atomization pressure of 0.5bar. 
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Figure 3: Change in droplet size as a function of atomization pressure for the 
5% PVP solution at a fixed flow rate of 10 ml/min. 
Spraytec application note aa -ol 
size distribution shifts to smaller 
droplet sizes. This relates to the 
increased shear observed within the 
atomization zone at higher pressures. 
Even so, the nozzle does produce 
large droplets, even at high air 
pressures, as shown in the results 
obtained at 2 bar pressure. 
For different processes there may be 
a requirement to increase the mass 
flow of liquid through the nozzle in 
order to reduce coating times or 
increase coating thickness. Figure 2 
shows how the flow rate of de-ionised 
water through the nozzle affects the 
spray plume properties at a fixed 
atomization pressure of 0.5 bar. The 
size distribution was found to increase 
in proportion to the liquid flow rate, 
tracking the change in the available 
atomization energy per unit volume of 
liquid. 
Similar observations were noted when 
the above experiments were repeated 
with a 5% PVP solution, at selected 
gas pressures and liquid flow rates 
(Figures 3 and 4). In Figure 3, the size 
distribution observed at 0.25 bar 
pressure was found to be bimodal. 
This is probably due to viscous forces 
in the PVP solution that impart a 
resistance against droplet formation at 
lower air pressures. This bimodality 
progressively disappears as the 
pressure, and therefore the 
atomization energy, is increased. 
The same explanation could describe 
the bi-modal distribution observed at 
15 ml/min in Figure 4 An air pressure 
of 0.5 bar seems in-adequate to 
produce a uniform PVP spray. Only 
when the liquid flow rate is decreased, 
or the atomization pressure 
increased, is a uniform size 
distribution observed 
Spray Development 
The variable nature of the PVP spray 
plume observed at low pressures is 
._ 
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confirmed by examining the changes 
in the measured droplet size as a 
function of time during operation of 
the atomizer. This is shown in Figure 
5 for the atomization of the 5% PVP 
solution at a pressure of 0.5bar and a 
flow rate of 10 ml/min. As can be 
seen, significant changes in the 
measured Dv90 are observed over 
time (Coef. Of Variation = 15%), 
representing significant fluctuations in 
the coarse droplet fraction. This 
suggests that liquid break-up is 
relatively uncontrolled in this situation 
as the atomization energy available is 
low. At higher atomization pressures 
the variation in the Dv90 is 
considerably less (Coef. Of Variation 
= 1.5% at 1.5bar for the 5% PVP 
solution), representing a more uniform 
spray plume (Figure 6). 
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Conclusions 
The measurement of the droplet size 
distribution produced by a twin-fluid 
spray nozzle has been demonstrated. 
The results obtained show that the 
size can be regulated by adjusting 
gas pressure and liquid flow rate. In 
addition to these process parameters, 
the physical properties (e. g., viscosity) 
of the spraying liquid also play an 
important role in defining droplet size 
and its distribution. 
The Spraytec system provides a 
reliable and rapid way for spray 
characterization. The system is 
therefore a valuable tool in designing, 
optimizing and troubleshooting of 
coating and granulation processes. 
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Figure 4: Change in droplet size as a function of atomization pressure for 
the 5% PVP solution at a fixed atomization pressure of 05 bar. 
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Figure 5: Change in droplet size as a function of time for the 5% PVP 
solution at liquid flow rate of 10 ml/min and a gas pressure of 0.5 bar. 
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Figure 6: Change in droplet size as a function of time for the 5% PVP solution at 
liquid flow rate of 10 ml/min and a gas pressure of 1.5 bar. 
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Algorithm for the calculation of droplet size reduction in 
spray-on fluid-bed granulation 
Estimate relative velocity, U1, of counter 
current falling droplet and fluidising air. 
1s` estimate from Stokes regime: 
Ur 
_ 
(Pdrop -p ad, 
)d 
dro, S 
18p 
Calculate particle Reynolds no., Rep. 
Rep = Pa,, 
Uiddrop/P 
Calculate drag coefficient, CD- 
CD= (1 + 0.15 ReP687 ) 
ReP 
Get new estimate of Ur from: 
1 
PdropVdrop9 = Pair Vdrop9+CDAdrop 
2 
P., U, ' 
If new Ur 
within ±1% No 
tolerance of 
previous Ur 
Yes 
To next 
Page 
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From 
previous 
page 
Estimate heat transfer coefficient, by , from: 
Nu = 2.0 + 0.60 Rey Pr' 
Calculate rate of heat transfer, Q, from air 
to binder droplets by: 
Q= hq Ad 
op 
(O Ow ) 
Calculate rate of mass transfer, m, using 
latent heat of vaporisation of water, A: 
Ih = Q/2 
Convert m into volumetric transfer rate, 
v and calculate droplet volume reduction 
as a function of time. 
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